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zl USAF SUMMER FaCuULTY RESEARLH PROGEAM - 1585

(USAF-S5FRF) is a program designed to introduce university, college,
ard technizal institute faculty members to Air Foroe researvch,. Thasg

[
%l The United States Al Force Summer Fzaoulty Ressarch Program -
N

!

: 15 accomplicshed by the faculty member being eelected an 2 naticnally

i advertised, competitive basis for a ten-week assignment Auring the
summer intersession period to perform reseavch a3t ALy Foroe
h, laboratories/centers and research activities. Each =mecigoment 1s in
tj a subject area and at an Aiv Force facility mutually agreed upon ny
' the faculty member and the Air Forsce. Im andation to compensaticon ann
] travel, cost of living allowances are &also paid. The USAF-SFRP ie

sponsored by the Air Force Dffice of Scientific Researah, Alr Foros
Systems Command, United States Air Fovrce, and 1 comducted by
Universal Energy Systems, Inc.

The specific objectives of the 1986 USAF-SFRF are:

(1) To provide a productive means for scientists and engineers
holding advanced degrees to participate in research at various Air
Force research activitiess

(2) To stimulate continuing professional association among the
scholars and thelir professional peers in the Air Forces

(3) T further the research abjectives of the United States Air
i Ies -

(4) To enhance the research productivity and capahilities af
scientists and engineers especi1ally as these relate to Air Forece
technical interests.

Luring the summer of 1984, 1358 faculty members particapated in
the USAF-SFRF. These researchers were assigned to approximately 25
USAF laboratories/centers and research activities acroass the country.,
A Management Report along with a three volume Techmical Report
consisting of a compilation of the final reports written by the
assigned faculty members describing their summer researchrefforts is
provided by the contractor, Universal Energy Systems.
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\ PREFACE
N
The United States Air Force Summer Faculty Research Program
(USAF-SFRP) is a program designed to introduce university, colleze, :znc
technical institute faculty members to Air Force resear:n ~

aaaaaa

naticna: }j

accomplished by the faculty members being selected on a
advertised competitive basis for a ten-week assignment durini the summer

intersession period to perform research at ir Force

laboratories/centers. Each assignment is in a subject area and a% an Air
Force facility mutually agreed upon by the facu'ty membery ang ine Ai-

Force. 1In addition to compensation, travel and cost of living ailcowances

[S]
-

are also paid. The USAF-SFRP is sponsored by the Air Fprce 0¢fice

Scientific Research, Air Force Systems Command, United States a“r ~i-ze,

and is conducted by Universal Energy Sysiems, Inc.
The specific objectives of the 1986 USAF-SFRP are:

(1) To provide a productive means for Scientists anc Ingineer:
holding Ph.D. degrees to participate in research at tne -°-

)

Force Weapons Laboratory;

(2) To stimulate continuing professional asscciztion among inhe

Scholars and their profecsional peers 7 =Zne iir Spreoe;

(3) Jo further the research objectives of tne United States Air
Force;
(4) To enhance the research productivity and capabilities of

Scientists and Engineers especiaily as these reigte 12 Air

Force technical interests.

During the summer of 1986,  158-faculty members participated. These

researchers were assigned to 25 USAF laboratories/centers across the
NN

country. ~This three volume document is a compilation of the final

reports written by the assigned faculty members about their summer

research efforts. Py *<YL”
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NAME/ADDRES

Dr. John E. Ah gui:zt
Assistant Professar

Dept. of Meteorology
Florida State University
Tallahassee, FL 32306-3034
(904) 644-1558.

Or. Rasphal S. Ahluwalia
Associate Professor
Dept. of Industrial &ng.
West Virginia University
Morgantown, WV

£304) 293-45607

Br. David R. Anderson
Assistant Professor

Jept. of Chemistry
University of Colorado
Austin Bluffs Parkway
Colorado Springs, CO 80907
{303) 570-9578

Jr. David M. Barnhart
Irpfessor

Jept. of Physical Sciences
Zastern Montana College
1530 North 30th Street
gillings, MT 59101-0298
(406) 657-2028

Dr. Frank P. Batties
Professor

Mass. Maritime Academy
Basic Science Dept.
Buzzards Bay, MA (02832
(617) 224-8388

Dr. Georges A. Becus
Associate Professor
University of Cincinnati
Aero. Engineering and
Engineering Mechanics
Cincinnati, OH 45221
(513) 475-6115

LIST OF PARTICIPANTS

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assignec:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Ph.D., Meteoroiocy, 333
Meteorology
AFGL

Ph.0., Systems Ing., 1977
Systems Enginee~ing
AAMRL

Ph.D., Organic Chemist-y,
1978

Organic Chemis=-y

FJSRL

Ph.D., Chemistry, 7354
Chemistry
FJSRL

Ph.D., Physics, 1969
Physics
AFGL

Ph.D., Engineering Science,
1973

Engineering Services

FDL

a




Or. Rex L. Berney
Associate Professor
University of Dayton
Physics Department

300 College Park

Jdayton, OH 45469

(513) 299-3012 or 299-2311

Or. Albert W. Biggs
Professor
University of Alabama
in Huntsville
Clectrical Engineering
Engineering Bldg 263-8
(2CE Dept.)
Huntsville, AL 35899
{205) 895-6459

Jr. Phillip A. Bishop

Assistant Professor

Director of Human Performance
Laboratory

The University of Alabama

F 0 Box 1967

Area of HPER

University, AL 35486

(205) 348-8370

Or. Patricia T. Boggs
Assistant Professor

of Management Science
Aright State Unjversity
Jayion, OH 45425

{573) 873-2080 or 2290

Or. James A. Brown
Assistant Professor
Tougaloo College
c/o History Dept.
Tougaloo, MS 39174
(601) 957-3623

Or. Clifford G. Burgess
Assistant Professor

Univ. of Southern Mississippi
Computer Science Department
Sou. Station Box 5106
Hattiesburg, MS 39406

(601) 266-4949

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

v

Ph.D., Solid State Physics,
1978

Suilid State Physics

AL

Ph.D., Electrical
Engineering, 1965
Electrical Engineering
WL

Ed.D., Exercise Physioiogy,
1983

Exercise Physiolcgy

SAM

D.B.A., Decision Sciance,
1984

Decision Science

HRL/LR

M.A., History, 1966 -~
History
WL

Ph.D., Computer Science, ﬂ
1985
Computer Science
SAM




Dr. Jeffrey D. Camm
Assistant Professor
University of Cincinnati
Quantitative Analysis/IS
ML #130

Cincinnati, OH 45227
(513) 475-3621

Dr. Thomas A. Carney
Assistant Professor
Dept. of Meteorology
Florida State University
404 Love Building
Tallahassee, FL 32306
(904) 644-6806

Or. George D. Catalano
Associate Professor
Mechanical Engineeering Dept.
Louisiana State University
Baton Rouge, LA 70803-6413
(504) 388-5792

Dr. Bor-Chin Chang
Assistant Professor
Electrical Engineering Dept.
Bradley University

Peoria, IL 61625

(309) 676-7611

Dr. Garvin Chastain
Associate Professor
Boise State University
Dept. of Psychology
1970 University Drive
Boise, ID 83704

(208) 385-2855

Dr. Shive K. Chaturvedi
Assistant Professor
Civil Engineering

Ohio State University
470 Hitchcock Hall
Columbus, OH 43210
(614) 422-2617

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Ph.D., Management Science,

1984
Management Science
BRMC

Ph.D., Meteorology, 1984
Meteorology
£sC

Ph.D., Aerospace
Engineering, 1477
Aerospace tng”
AD

p
D ~

~ing

2D

Ph.D., Eleczrizal
Engineering, 1983
Electrical Engineering
FOL

Ph.D., Human Sxoerimenta’

Psychology, 1375
Human Experimental
Psychology

HRL/OT

Ph.D., Mechanical
Engineering, 1979
Mechanical Engineering
ML




Dr. Hoffman H. Chen
Associate Professor

Grambling State University

Department of Chemistry
Grambling, LA 71245
(318) 274-2260

Dr. Lea D. Chen
Assistant Professor

The University of Ilowa
Dept. of Mechanical Eng.
Jowa City, 1A 52242
(319) 353-5695

Dr. Wu C. Cheng
Associate Professor
Physics Department
Paine College

1235 Fifteenth Street
Augusta, GA 30910-2799
(404) 722-44N

Dr. John Y. Cheung
Associate Professor
University of Oklahoma
School of Electrical Eng.
and Computer Science
202 W. Boyd, Room 219
Oklahoma City, 0K 73170
(405) 325-4324

Dr. Derald Chriss
Assistant Professor
Southern University
Chemistry Dept.
Southern Branch P.0.
Baton Rouge, LA 70813
{504) 771-2000

Or. Wolfgang Christian
Assistant Professor
Dept. of Physics
Davidson College
Davidson, NC 28036
(704) 892-2000

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Qegree:
Specialty:

Assigned:

Degree:
Specialty:
Assigned:

vi

Ph.D., Organic Chemistry,
1976

Mechanical Engineering
SAM

Ph.C., Mechanical
Engineering, 1981
Organic Chemistry
APL

Ph.D., Physical Chemistry,
1854

Physical Chemistry
FISRL

Ph.D., Electrical
Engineering, 1875
Electrical Engineering
AL

M.A., Chemistry, 138"
Physical and anaiyzi
Chemistry

ML

Tw

Ph.D., Physics, 1975
Physics
AFGL




Dr. Jacob N. Chung

Associate Professor

Washington State University
Dept. of Mechanical Engineering
byliman, WA 99164-2920

A~

{508} 335-3222

Dr. Brenda J. Claiborne
Assistant frofessor
University of Texas,
San Antonio

Div. of Life Sciences
San Antonio, TX 78285
(512) 691-4458

Dr. Donald F. Collins
Physics Chairman
Warren Wilson College
Physics Department

Box 5117

707 Warren Wilson Road
Swannanoa, NC 28778
(704) 298-3325

Dr. William T. Cooper
Assistant Professor
Chemistry Oept.

Florida State University
Tallahassee, FL 32306-3006
(904) 644-6875 or 644-~3810

Or. Richard H Cox

Professor

Kansas State University

Center for Human Motor
Performance

203 Ahearn

Manhattan, KS 66502
(373) 532-6765

Dr. William Day

Associate Professor

Dept. of Computer Science
and Engineering

Auburn University

244 Payne Street

Auburn, AL 36830

(205) 826-4330

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

vii

Ph.D., Mecthanical
Engineering, 1979
Mechanical Engineering
APL

Ph.D., Biology, 1981
Biology
SAM

Ph.D., Physics, 1970
Physics
AFGL

Ph.D., Chemistry, 198)
Chemistry
£SC

Ph.D., Motcr Learning
and Control, 1973

Motor Learning & Control

HRL/MO

Ph.D., Mathematics, 1969

Mathematics
RADC




Dr. Vito G. DelVecchio
Professor of Biology
University of Scranton
Scranton, PA 18510
(7117) 961-6117

Dr. Shirshak K. Dhali

Assistant Professor

Dept. of Electrical Engineering
Southern I1linois University
Carbondale, IL 62901

(618) 536-2364

Dr. Lokesh R. Dharani
Assistant Professor
University of Missouri-Rolla
Dept. of Engineering Mechanics
Rolla, MO £5401-0249

(314) 341-4586

Dr. Peter C. Disimile
Assistant 2rofessor
Aerospace Ingineering and

tngineering Mechanics
University of Cincinnati
Mail Location 70
Cincinnati, OH 45221
(513) 475-2936

Or. Michael L. Doria
Associate Professor of
Mechanical £ngineering
Valparaiso University
Valparaiso, IN 46383
(219) 464-5104

Dr. George R. Doyle, Jr.
Associate Professor
University of Dayton
Mechanical Engineering Dept.
300 College Park Drive
Dayton, 0OH 45469

(513) 229-2995

Deqree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Speciaglty:
Assigned:

viii

Ph.0., Biochemical
Genetics, 1967
Biochemistry, Genetics
SAM

Ph.D., Electrical
Engineering, 1984
Eiectrical Engineering
APL

Ph.D., Engineering
Mechanics, 1982
Engineering Mechanics
ML

Ph.0., Fluid Mechanics,
1984

Fluid Mechanics

FDOL

Ph.D., Mechanics, 1958
Mechanics
D!

Ph.D., Mechanical
Engineering, 1973
Mechanical Engineering
FDL




&
Dr. Franklin E. Eastep Degree: Ph.D., Aero and Asiro, 1968
Professor Specialty: Aero and Astiro
¢ Aerospace Engineering Assigned: FDL

University of Dayton
300 College Park Drive
Jayton, OH 45469
{513) 229-2241

Dr. Thaddeus J. Englert Degree: Ph.D., Physics, 1982
Assistant Professor Specialty: Physics
University of Wyoming Assigned: FJISRL

Dept. of Electrical Eng.
University Station
Laramie, WY 82071

(307) 766-6321

Dr. Dennis R. Flentge Degree: Ph.D., Physical Chemistry,
Assistant Professor 1974

Cedarville College Specialty: Pnysical Chemistry
Math/Science Department Assigned: AP

Box 601

Cedarville, OH 45314
(513) 766-2211

Dr. Mark A. Fuik Degree: Ph.D., Computer Science,
Assistant Professor 1986
University of Florida Specialty: Computer Sciencsz

Computer & Information Sciences Assigned: AD
572 Weil Hall

Gainesville, L 32611

{304) 392-929

ODr. Patrick 7. Gannon, Sr. Degree: Ph.D., Atmospheric Scisnce,
Assistant Professor 177

Dept. of Meteorology Specialty: Atmospheric Science

Lyndon State College Assigned: AFGL

vail Hill

Lyndanville, VT (05851
(302) 625-93M

Dr. John K. George Degree: Ph.D., Physical Chemistry,
Professor of Chemistry 1976

Mary Washington College Specialty: Physical Chemistry
Fredericksburg, VA 22401 Assigned: FJISRL

(703) 899-4320

ix




Dr. Albert C. Giere
Assistant Professor
Physics Department
Dakwood College
Huntsville, AL 35806
(205) 837-1630

Dr. Doris 0. Ginn
Associate Professor

Dept. of English and
Modern Foreign

1400 John R. Lynch Street
Jackson, MS 39217

(601) 968-2116

Dr. Thomas A. Gosink
Research Associate Professor
University of Alaska
Geophysical Institute
Fairbanks, AK 99776-0800
(907) 786-1800

Or. Raghava G. Gowda
Assistant Professor

Dept. of Computer Science
University of Dayton

300 College Park Drive
Dayton, OH 45469

(513) 229-3808

Or. Gerald R. Graves
Assistant Prcfessor
Industrial Engineering
Louisiana State University
3128 CEBA

Baton Rouge, LA
(504) 388-5112

70803

Dr. Ronald L. Greene
Associate Professor
Unjversity of New Orleans
Dept. of Physics

3726 Piedmont Drive

New Orleans, LA 70122
(504) 286-6714

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Jegree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specaity:

Assicned:

degree:

Specialty:

Assigned:

Ph.D., Mathematical
Physics, 1965
Mathematical Physics
AEDC

Ph.D., Linguistics, 1979
Linguistics
HRL/10

Ph.D., Organic Chemistry,
1965

Organic Chemistry

SAM

A.8.D., Electrical
Engineering, 1982
Electrical Engineering
HRL/LR

2n.0. Industrial
ingineering, 1985
Industrial Eagineering
ML

3h.0., Physicz, "@72
Physics
Al




Or. William M. Grissom
Instructor

Physics Dept.
Morehouse Colliege

830 Westview Dr., S.W.
Dansby Hall, Suite 131
Atlanta, GA 30314
{404) 681-2800

Dr. William A. Grosky
Associate Professor
Computer Science Dept.
Wayne State University
Detroit, MI 48202
(313) 5717-2477

Dr. Thomas R. Gulledge
Assistant Professor
Quantitative Business Analysis
Louisiana State University
3190 CEBA, QBA

Baton Rouge, LA 70803

(504) 388-2506

Dr. Ramesh C. Gupta
Professor of Mathematics
University of Maine at Qrono
Dept. of Mathematics

Orono, MN 04469

(207) 581-3913

Dr. Fabjan C. Hadipriono
Assistant Professor

The Dhio State University
Civil Engineering Dept.
2070 Neil Avenue
Columbus, OH 43210

(614) 422-8518

Dr. Frank 0. Hadlock
Professor and Chairman
Florida Atlantic University
Dept. of Mathematics

Boca Raton, FL 33431

(305) 393-3342

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

x1

MSE Mechanical fngineering,
1978

Mechanical Engineering

RFL

Ph.D., Engineering and
Applied Science, 1971
Eng. & Applied Science
AL

Ph.D., Engineering
Management, 1981
Engineering Management
BRMC

Ph.D., Mathematica?
Statistics, 1970
Mathematical Statistics
SAM

Ph.D., Engineering,
Civil Engineering, 1982
Engineering, Civil
Engineering

WL

Ph.D., Mathematics, 1966
Mathematics
SAM




Dr. Prabhat Hajela
Assistant Professor
Engineering Sciences
University of Flordia

231 Aero Engineering Bldg.
Gainesville, FL 32611
(904) 392-0961

Dr. Patrick R. Hannon
Assistant Professor

Helth & Physical Education
Northern Arizona University
Box 6012, HPR Dept.
Flagstaff, AZ 86011

(602) 523-4122

Dr. Donald F. Hanson

Associate Professor

University of Mississippi

Dept. of Electrical Engineering
University, MS 38677

{601) 232-5389

Or. Gerald F. Harris
Lirector

Biomedical Engineering
Shriners Hospital

2211 N. 0ak Park Avenue
chicago, IL 60635

(312) 622-5400

Or. £dward J. Hass

Assistant Professor

Franklin and Marshall College
Whitely Psychology Lab.

Box 3003
Lancaster, PA
(717) 291-4202

17604

Dr. Doyle E. Hasty
Associate Professor
Engineering/Physics
Motlow State College
P 0 Box 860
Tullahoma, TN 37330
(615) 455-8511

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

X113

Ph.0., Aeronautics and
Astronautics, 1282
heronautics & Astronautics
AD

Ed.D., Exercise Science,
1980

fducation, Exercise Science
AAMRL

Ph.D., Electrical Eng.
(Electromagnetics), 1676
Electrical Engineering,
Electromagnetic
Electronics

RADC

Ph.D., Biomedical Engr.,
1981

Biomedical Engineering.
Biomechanics

AAMRL

Ph.D., Psychclogy, 1983
Psychology
HRL/0T

M.S., Engineering
Administration, 1974
Engineering Administration
AEDC




Dr. Michael A. Hayes
Assistant Professor
Dept. of Physics
Dartmouth College
Hanover, NH 03755
(603) 646-2973

Or. James C. Ho

Professor of Physics & Chemistry
Wichita State University
Wichita, KS 67208

(316) 689-3190C

Dr. Peter f. Hoffman
Assistant Professor
Dept. of Mathematics
University of Colorado
Box 170, UCD

Denver, CO 80202
(303) 556-4808

Or. Robert R. Hoffman
Assistant Professor
Oept. of Psychology
Adelphi University
Garden City, NY 11530
(516) 663-1055

Or. Clifford C. Houk
Professor of Chemistry
Director Industrial Hygiene
Program

Qhio University

Dept. of Chemistry

Athens, OH 45701-2979
(614) 594-6205

Dr. Ming-Shing Hung

Associate Professsor

Dept. of Administrative Sciences
Kent State University

Kent, OH 44242

(216) 672-2750

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assiqgned:

Degree:

Specialty:
Assianed:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Plasma Physics, 1981
Plasma Physics
AFGL

Ph.D., Chemistry, 1966
Chemistry
APL

Ph.D., Applied Mathematics,
1985

Applied Mathematics

AEDC

Ph.D., Experimental
Psychology, 1976
Experimental Psycho™ zqy
ESD

Ph.D., Inorganic Chemist-~y,
1966

Inorganic Chemistry

DEHL

Doctor of 3usiness admin.,
Management 5cience, 1972
Business Administration,
Management Science

LC




Or. John M. Jobe
Assistant Professor
Decision Sciences Dept.
Miami University of Ohio
229 Culler Hall

(513) 529-7291

Dr. Glen Johnson
Associate Professor
Mechanical and Materials
Engineering

Vanderbilt University
Box 8-B

Nashville, TN 37235
(615) 322-0414

Dr. Betty Jones
Associate Professor

Dir. of the EM Institute
830 Westview Dr., S.W.
Atlanta, GA 30314

(404) 681-2800

Dr. Jeremy C. Jones
Assistant Professor
University of West Florida
Systems Science

USF LIB 630 CS & Eng
Tampa, FL 33620

(813) 974-2114

Dr. Marvin S. Keener
Professor of Mathematics
Oklahoma State University
Math Department
Stillwater, 0K 74078
(405) 624-5789

Dr. Yong S. Xim

Assistant Professor

Dept. of Civil Engineering
The Catholic Univ. of America
Washington, DC 20064

(202) 635-5163

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degreae:

Specialty:
Assigned:

Xiv

Ph.D., Statistics, 1984
Statistics
RADC

Ph.D., Mechanica:
Engineering, 1978
Mechanical Engineering
AEDC

Ph.D., Biology, "373
Biology
SAM

M.S., Physics, 323
M.S., Math, 19¢
Physics, Math

o
n

AD

>%.5., Mathemaz-:z, ":°C
Matnematics

AD

Ph.C., Tiv7 Ingineering,
1984

Civil Engineering

£SC




Dr. Joel R. Klink

Professor

Univ. of Wisconsin-Eau Claire
Chemistry Dept.
Eau Claire, WI
(715) 836-5518

54101

Dr. Stephan E. Kolitz
Assistant Professor
University of Massachusetts
Management Sciences Dept.
Boston, MA 02125

(617) 929-8051

Dr. Philipp G. Kornreich
Professor

Dept. of Electrical Engineering
and Computer Engineering
Syracuse University

Syracuse, NY 13244

(315) 423-4447

Dr. Mou-Liang Kung
Associate Professor

Math and Computer Science
Norfolk State University
24071 Corprew Avenue
Norfolk, VA 23504

(804) 623-8820

Or. Charles E. Lance
Assistnat Professor
University of Georgia
Dept. of Psychology
Athens, GA 30602
(404) 542-4439

Dr. David I. Lawson

Assistant Professor

Mathematics and Computer Science
Stetson University

Box 8348

Deland, FL 32720

(904) 734-4121

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Organic Chemistiry,
1964

Organic Chemistry

RPL

Ph.D., Operations Research,
1983

Operations Research

ESD

Ph.D., Electrical Eng.,
1967
Electrical Engineering
RADC

Ph.D., Math, 1¢74

M.S., Computer Science, 1985
Mathematics

RADC

Ph.D., Psyche ogy, "38S
Psycnology
HRL/1D

M.A., Mathematics, ~%22
Mathematics

AD




Dr. Paul S.T. Lee
Associate Professor

Dept. of Business Admin.
N.C. A&T State University
1601 E. Market Street
Greensboro, NC 27410
(919) 379-7656

Dr. C. Randal Lishawa

Physics Instructor

Dept. of Chemistry and Physics
Jefferson State University
Birmingham, AL 35243

(205) 853-1200

Dr. Cheng Liu

Associate Pro.essor

Dept. of Engr. Tech.
University of North Carolina
Charlotte, NC 28223

(704) 597-419)

-~

Dr. James (. LoPresto
Professor of Astronomy
Edinboro University
Dept. of Physics
Edbinboro, PA 16444
(814) 732-2469

Dr. Stephen L. Loy
Assistant Professor
Iowa State University
Management

374 Carver

Ames, IA 50010

(515) 294-8108

Dr. Nancy I. Lyons
Associate Professor
Dept. of Statistics
University of Georgia
Statistics Building
Athens, GA 30602
(404) 542-5232

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:

Assigned:

Degree:

Specialty:
Assigned:

Xvi

Ph.0., Quantitative
Methods and Research
Economics, 1973
Quantitative Methods and
Research Economics

FDL

Ph.D., Physical Chemistry,
1981

Physical Chemistry

AFGL

M.S., Civil Engineering,
1963

Civil Engineering

ESC

Ph.D., Astronomy, 1874
Astronomy
AFGL

DBA, MIS, 198%
Management Information
System

HRL/LR

Ph.D., Statistics, 1975
Statistics
LMC




Dr. Robert L. Manicke
Assistant Professor
U.S. Naval Academy
Math Department

Attn: 9E

Annapolis, MD 231302
(307) 267-36C3

Dr. Arthur A. Mason
Professor of Physics

The University of Tennessee

Space Institute
Tullahoma, TN 37388
(615) 455-0631

Dr. Curtis W. McDenald
Professor of Chemistry
Dept. of Chemistry

Texas Southern University

3100 Cleborne
Houston, TX 77004
£713) 527-7003

Cr. Gopal M. Mehrotra
Assistant Professor
Wright State University
Materials Science and
Engineering Program
Systems Engineering
Dayton, OH 45435
(513) 873-248"

Dr. Jorge L. Mendoza
Associate Professor
Texas A&M University
Psychology Department

College Station, TX 77843

(409) 845-0880

Dr. Shreenivas Moorthy
Associate Professor
Texas A&I University
Electrical Engineering &
Computer Science
Campus Box 192
Kingsville, TN 78363
(512) 595-2004

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:
Assignged:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

xvii

Ph.D., Statistics, 1980
Statistics
AAMRL

Ph.D., Physics, 1963
Physics
AEDC

Ph.0., Chemistry, 1962
Chemistry
OEHL

Ph.D., Metaliurgy, 1375
Metallurgy
ML

Ph.0., Psychology, 1874
Psychology
HRL/MO

Ph.D., Electrical
Engineering, 1972
Electrical Engineering
HRL/LR

4




Dr. Mary L. Morton-Gibson
Assistant Professor
Physics Department

The Citadel

Charleston, SC 29409
(803) 792-6943

Dr. Rex C. Moyer
Associate Professor
Trinity University
Biology Dept.

715 Stadium Drive

San Antonio, TX 78284
(512) 736-7242

Dr. V. Dakshina Murty
Associate Professor
University of Portland
School of Engineering
Portland, OR 97203
(503) 283-7379%

Dr. Richard W. Nau
Professor of Math and
Computer Science
Carleton College
Northfield, MN 55057
(607) 663-4361

Dr. Henry Nebel
Associate Professor
Aifred University
Physics Department
Alfred, NY 14802
(607) 871-2208

Dr. Robert M. Nehs
Associate Professor

Dept. of Mathematical Sciences

Texas Southern University
3100 Cleburne Avenue
Houston, TX 77004

(713) 527-7915

Degree:

Specialty:
Assigned:

Oegree:
Specialty:
Assgined:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Xxviii

Ph.D., Physiology and
Biophysics, 1970
Physiology ana Biophysics
SAM

Ph.0., Microbiology, 1965
Microbiology
SAM

Ph.D., Engineering
Mechanics, 1982
Engineering Mechanics
FOL

Ph.D., Applied Math and
Computer Science, 1970
Applied Math and Computer
Science

WL

Ph.D., Physics, 1967
Physics
AFGL

Ph.D., Mathematics, 1980
Mathematics
AFGL

L}




Or. Douglas L. QOliver
Assistant Professor
University of Toledo
Toledo, OH 43606
(419) 537-2885

Dr. Philip D. Olivier
Assistant Professor
University of Texas at
San Antonio

Division of Engineering
San Antonio, TX 78285
(512) 691-5565

Dr. Harvey L. Paige
Associate Professor
Alfred University
Dept. of Chemistry
Alfred, NY 14802
(607) 871-220

Dr. Parsottam J. Patel
Associate Professor
Meharry Medical College
Dept. of Microbiology
Nashville, TN 37208
(615) 327-6760

Dr. Robert A, Patsiga
Professor
Dept. of Chemistry

Indiana Univ. of Pennsylvania

Indiania, PA 15705
(412) 357-2210

Or. Martin A. Patt
Associate Professor
University of Lowell

Dept. of Electrical Engineering

1 University Avenue
Lowell, MA 01854
(617) 452-5000

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigneq:

Degree:
Specialty:
Assigned:

Deqree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Pr.D., Mechanical
Engineering, 1985
Mechanical Engineering
APL

Ph.D., Electrical
Engineering, 1980
Electrical Engineering
HRL/LD

Ph.D., Inorganic Chemistiry,
1969

Inorganic Chemistry

ML

Ph.D., Microbiology, 1976
Microbiology
SAM

Ph.D., Organic and Polymer
Chemistry, 1962

Qrganic Polymer Chemistry
ML

M.S., Science, Electrical
Engineering, 1964
Electrical Engineering
AFGL




Dr. Jacqueline G. Paver
Research Associate

Duke University

Biomedical Engineering Dept.
136 Engineering Building
Jurham, NC 27706

(919) 684-6185

Or. Alexandruy A. Pelin
Associate Professor
of Computer Science
Florida International University
Dept. of Mathematical Sciences
Tamiami Campus
Miami, FL 33199
(305) 554-3386

Dr. Bernard J. Piersma
Professor of Chemistry
Houghton College
Houghton, NY 14744
(716) 567-2211

Or. Leonard Price

Professor of Chemistry

Xavier University of Louisiana
Chemistry Department

7325 Palmetto Street

New Orleans, LA 70125

Dr. Craig G. Prohazka

Assistant Professor

University of Lowell

Dept. of Electrical Engineering
Lowell, MA 01854

(617) 452-5000

Dr. L. Raj Pujara

Assistant Professor

tlectrical Systems Engineering
Wright State University
Dayton, OH 45435

(513) 873-2456

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:
Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

XX

?h.D., Biomedical
Engineering, 1984
Biomechanical Engineering
AAMRL

Ph.D., Computer Science,
19717

Computer Science

WL

Ph.D., Physical Chemistiry
1965

Physical Chemistiry

FJSRL

Fr.D., Qrganic Chemistry,
1962

Organic Chemistry

SAM

Ph.D., Electrizal
Engineering, 1981

flectrical Znginze~'ng

RADC

n MYy o
D ~J

v

Y]

%




Dr. Richard S. Quimby

Assistant Professor

Worcester Polytechnic Institute
Dept. of Physics

100 Institute Road

Worcester, MA 01609

(617) 793-5490

Dr. Singiresu S. Rao

Associjate Professor

School of Mechanical Engineering
Purdue University

West Lafayette, IN 47907

(317) 494-9766

Dr. Ralph J. Rascati
Associate Professor
Kennesaw College
8iology Department
Marietta, GA 3006
(404) 529-2878

Dr. Kuldip S. Rattan

Associate Professor

Dept. of Electrical Systems
Engineering

Wright State University
Dayton, OH 45435

{513) 873-2497

Or. Barbara Rice
Associate Professor
Mathematics Dept.
Alabama A&M University
P 0 Box 326

Normal, AL 35762
(205) 859-7448

Dr. Dan B. Rinks

Assistant Professor

Louisiana State University
Dept. of Quantita‘ive Business
Analysis

3180 CEBA

Baton Rouge, LA
(504) 388-5318

70803

Degree:
Speciaity:

Assianed:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

xxi

Ph.D., Physics, 1979
Physics
RADC

Ph.D., Engineering Design,
197

Engineering Design

FOL

Ph.D., Biochemistry, 1975
Biochemistry
OEHL

Ph.D., Electrical
Engineering, 1975
Electrical Engineering
AAMRL

Ph.D., Mathematics, 1965
Mathematics
AD

Ph.D., Guantitative
Management Science, 1978
Quantitative Mgmt. Science
LMC




Dr. William P. Robey
Assistant Professor

Electronics & Computer Technolocy

Oklahoma State University
202CR

Stillwater, 0K 74078
(405) 624-571¢6

Dr. Kenneth C. Russell
Professor

Massachusetts Institute of
Technology

Materials Science
Nuclear Enginecring
Room 13-5066

77 Massachusetts Avenue
Cambridge, MA 02139
(617) 253-3328

Dr. Sally A. Sage

Assistant Professcr

west Georgia College

Dept. of Math/Computer Science
Carrollton, GA 30118

(404) 834-1380

Dr. Mo Samimy

Assistant Professor

Ohio State University
Mechanical Engineering Dept.
206 W. 18th Avenue

Columbus, OH 43210

(614) 422-6988

Or. John F. Schaefer

Associate Professor

Oept. of Electrical Engineering
The Citadel

Charleston, SC 29409

(803) 792-4899

Or. John R. Schneider
Professor of Physics
University of Dayton
Physics Department
Dayton, OH 45469
(513) 229-1000

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigneg:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

xxii

B.S., Engineering Physics,
1968

Engineering Physics

AFGL

Ph.D., Metall. Engineering,
1964

Metallurgy Engineering

ML

[Ye)
~1
w0

M.S., Computer 3Science, 1
Computer Science
4D

Ph.D., Mechanica’
Engineering, 1984
Mechanica: tngineering
APL

Ph.D., Electrical
Engineering, 1965
Electrical Engineering
ESC

Ph.D., Physics, 1965
Physics
ML




Dr. Richard M. Schori
Professor of Mathematics
Oregon State University
Math Department
Corvallis, OR
(503) 754-4686

97331

Dr. William D. Schulz
Professor

Eastern Kentucky University
Dept. of Chemistry

Moore 337, EKU

Richmond, KY 40475

(606) 622-1463

Dr. Meckinley Scott
Professor

University of Alabama
Mathematics Oepartment
Box 1416

University, AL 35486
(206) 348-1985

Dr. Martin A, Shadday, Jr.
Assistant Professor
University of South Carolina
Mechanical Engineering
College of Engineering
Columbia, SC 29208

(803) 777-71118

Dr. Nisar Shaikh

Assistant Professor

University of Nebraska-Lincoln
Dept. of Engineering Mechanics
212 Bancroft Hall

Lincoln, NE 68588-0437

(402) 472-2384

ur. Dolores C. Shockley
Associate Professor
Meharry Medical College
Dept. of Pharmacology
1005 D.B. Todd Blvd.
Nashville, TN 37208
(615) 327-6510

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Oegree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xxjii

Ph.D., Mathematics, 1964
Mathematics
SAM

Ph.D., Analytical
Chemistry, 1975
Analytical Chemistry
ESC

Ph.D., Statistics, 1964
Statistics
AD

Ph.D., Mechanical
Engineering, 1982
Mechanical Engineering
WL

Ph.D., Appiied Mechanics,
1982

Applied Mathematics

ML

Ph.D., Pharmacology, 1955
Pharmacology
SAM




Ty

Dr. William D. Shontz
Associate Professor
Montana State University
Department of Psychology
Bozeman, MT 59717

(406) 994-5180

Dr. William D. Siuru, Jr.
Senior Research Associate

Space and Flight Systems Lab.

University of Colorado at
Colorado Springs

1867 Austin Bluffs Parkway
Colorado Springs, CO 80907
(303) 593-3573

Dr. Boghos D. Sivazlian
Professor
The University of Florida

Dept. of Industrial and Systems

Engineering

303 Weil Hall
Gainesville, FL 32611
(904) 392-1464

Or. Siavash H. Sohrab
Assistant Professor
Dept. of Mechanical and
Nuclear Engineering
Northwestern University
Technical Institute
Evanston, IL 60201
(312) 491-3572

Dr. Stuart R. Stock
Assistant Professor

Georgia Institute of Technology
School of Materials Engineering

Atlanta, GA 30332-0245
(404) 894-6882

Dr. James E. Sturm
Professor

Dept. of Chemistry #6
Lehigh University
Bethlehem, PA 18015
(215) 861-3477

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
tssigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

xxiv

Ph.D., Experimential
Psychology, 1967
Psychology
AFHRL/0TE

Ph.D., Mechanical
Engineering, 1975
Mechanical Engineering
FJSRL

Ph.D., Operations Research,
1966

Operations Research

AD

Ph.D., Engineering
Physics, 1981
Engineering Physics
RPL

Ph.D., Metallurgy, 1983
Metallurgy
ML

Ph.D., Physical Chemistry,
1957

Physical Chemistry

AFGL







Or. Edgar C. Tacker
Professor of Electrical Eng.
University of Tulsa

600 S. College

Tulsa, OK 74104

(918) 592-6000

Dr. Nicholas E. Takach
Assistant Professor
Dept. of Chemistry
University of Tulsa
600 S. College

Tulsa, OK 74104

(918) 592-6000

Dr. Arjun Tan
Assistant Professor
Alabama A&M University
Physics Dept.

Box 447

Normal, AL 35762
(205) 859-7470

Dr. Robert P. Taylor
Assistant Professor

Mech. and Nuclear Engr. Dept.
Mississippi State University
Drawer ME

Mississippi State, MS 39762
{601) 325-7315

Or. Ken Tomiyama
Assistant Professor

Pennsylvania State University
Dept. of Electrical Engineering

121 E.E. East
University Park, PA 16802
(814) B65-7667

Or. Phillip D. Tomporowski
Assistant Professor

Dept. of Psychology
University of Alabama

Box 2968

University, AL 35486
(205) 348-1936

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assiqgned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

Degree:

Specialty:

Assigned:

XXV

Ph.D., Electrical
Engineering, 1964
Electrical Enginecring
AAMRL

Ph.D., Chemistry, 1979
Chemistiry
RPL

Ph.D., Physics, 1979
Physics
AEDC

Ph.D., Mechanical
Engineering, 1983
Mechanical Engineering
APL

Ph.D., System Science, 1477
System Science
AL

Ph.D., Experimental
Psyzhology, 1977
Experimental Psychology
HRL/MO




Dr. Timothy R. Troutt

Assistant Professor

washington State University
Dept. of Mechanical Engineering
Sloan Hall 201

Puliman, WA 99164-2920

(509) 335-4375

Dr. C. Randall Truman
Assistant Professor
Mechanical Engineering
University of New Mexico
Albuquerque, NM 87131
(505) 277-6296

Or. Roy M. Ventullo
Associate Professor
Dept. of Biology
University of Dayton
300 College Park
Dayton, OH 45469-0001
(513) 229-2503

Dr. Doris J. Walker-Dalhouse
Director of Independent/
Home~Study Programs

Associate Professor of Reading
Jackson State University

P O Box 17120

Jackson, MS 39217

(601) 968-9684

Dr. Donald W. Welch
Research Scientist

Texas A&M University
Hyperbaric Laboratory
College Station, TX 77843
(409) B45-4027

Dr. Albert R. Wellens

Associate Professor and
Associate Chairman
Dept. of Psychology
University of Miami

P O Box 248185

Coral Gables, FL 33158
(305) 284-2814

Qegree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:

Assigned:

XXVi

Ph.D., Mechanical
Engineering, 1978
Mechanical Engineering
FISRL

Ph.D., Mechanical
Engineering, 1983
Mechanical Engineering
WL

Ph.D., Microbiology, 1978
Microbiology
ESC

Ph.D., Reading Education,
1977

Reading Education

HRL/ID

Doctorate, Microbioliogy,
1985

Microbiology

WHMC

Ph.D., Experimental Social
Psychology, 1972
Experimental Social
Psychology

AAMRL




Dr. Stephen T. Welstead

Assistant Professor

University of Alabama
in Huntsville

Dept. of Mathematics

Huntsville, AL 35899
(205) 595-6470

Dr. Shih-sung Wen
Professor of Psychology
Psychology Department
Jackson State University
1325 J.R. Lynch Street
Jackson, MS 39217

(607} 968-237"

or. Staniey J. Whidden

Researcher

JESM Baromedical Research
Institute

4400 Gen. Meyer Avenue, 174

New Orleans, LA 701"
(504) 363-7656

Dr. Dennis W. Whitson
Professor of Physics

Indiana Univ. of Pennsylvania
Physics Department

Indiana, PA 15705

(472) 357-2589

Dr. Shirley A. Williams
Assistant Professor
Jackson State University
Jackson, MS 39217

(601) 968-2586

2. Biiiy R. Wooten
Professor

Dept. of Psychology
Brown University
Providence, RI 02906
(401) 863-2330

Degree:

Specialty:
Assigned:

Degree:

Specialty:
f<signed:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xXvii

Ph.D., Applied
Mathematics, 1987
Applied Mathematics
RADC

Ph.D., Educational
Psychology, 1971
Educational Psychology,
SAM

Ph.D., Physiology.
Pharm-.cology, 1978
Hyperbtaric Medicine,
SAM

Ph.D., Physics, 1969
Physics
AL

Ph.D., Physiology and
Biophysics, 1985
Physiology and Biophysics
OEHL

*h.D. of Philosophy,
Psychology, 1970
Philosophy,
Psychology

HRL/0T




Dr. Daniel W. Yannitell
Associate Professor
Mechanical Engineering Dept.
Louisiana State University
Baton Rouge, LA 70803

(504) 388-5972

Or. Tsun-wai G. Yip
Assistant Professor
Aero-Astro Engineering Dept.
Ohio State University

2300 West Case Road
Columbus, OH 43220

(614) 422-1241

Or. Robert L. Yolton
Associate Professor of
Psychophysiology
Pacific University
College of Optometry
Forest Grove, OR 97116
(503) 357-6151

Dr. Richard W. Young
Associate Professor
Aerospace Engineering and
Engineering Mechanics
University or Cincinnati
ML 70
Cincinnati, OH 45242
(513) 475-3014

Dr. Ajmal Yousuff

Assistant Professor

Drexel University

Dept. of Mechanical Enginnering
and Mechanics

Philadelphia, PA 19104

(2715) 895-~1868

Or. David D. Zeigler

Adjunct Faculty

North Texas State University
Biology Department

Denton, TX 76203

(817) 565-3622

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xxviii

Ph.D., Theoretical! and
Applied Mechanics, 1967
Theoretical and Applied
Mechanics

RPL

Ph.D., Aero-Astro
Engineering, 1984
Aeronautics-Astronautics
Engineering

FDL

Ph.D., Psychology, 1975
Doctor of Optometry, 1975
Psycholcgy, Gptometlry
AAMRL

Ph.D., Applied Mechanics,
1975

Applied Mechanics

FOL

Ph.D., Aeronautics, 1983
Aeronautics
FOL

Ph.D., Zoology, 1984
Zoology
AD




Or. Henry Zmuda

Assistant Professor

Stevens Institute of Technology
Electrical Engineering Dept.
Castle Point Station

Hoboken, NJ 07030

(201) 420-5507

Dr. George W. Zobrist
Professor of Computer Science
Dept. of Computer Science
University of Missouri-Rolla
Rolla, MO 65401

(314) 341-4836

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

XXX

Ph.D., Electrical
Engineering, 1984
Electrical Engineering
RADC

Ph.D., Electrical
Engineering, 1965
Electrical Engineering
AL




PARTICIPANT LABORATORY ASSIGNMENT

XXX




C. PARTICIPANT LABORATORY ASSIGNMENT (Page 1)

1986 USAF/UES SUMMER FACULTY RESEARCH PROGRAM

AERO PROPULSION LABORATORY (AFWAL/APL)
(Wright-Patterson Air Force Base)

1. Lea Chen 5. James Ho

2. Jacob Chung 6. Douglas Oliver

3. Shirshak Dhali 7. Mo Samimy

4. Dennis Flentge 8. Robert Taylor
ARMAMENT LABORATORY (AD)

(Eglin Air Force Base)

1. George [. Catalano 7. Sally A. Sage

2. Mark A. Fulk 8. Meckinley Scott

3. Jeremy C. Jones 9. Boghos 0. Sivazlian

4. Marvin S. Keener 10. David D. Zeigler

5. David 1. Lawson 11. Probhat Hajela

6. Barbara C. Rice

ARMSTRONG AEROSPACE MEDICAL RESEARCH LABORATORY (AAMRL)
(Wright-Patterson Air Force Base)

Rashpal S. Ahluwalia

patrick R. Hannon

Gerald F. Harris

Robert L. Manicke

Jacqueline G. Paver

Kuldip S. Rattan
Edgar C. Tacker

Albert R. Wellens
Robert L. Yolton

(% T~ B ¥5 Y o8
[Voleo BE NN ]

ARNOLD ENGINEERING DEVELOPMENT CENTER (AEDC)
(Arnold Air Force Station)
1. Albert C. Giere 4, Glen £. Johnson
2. Doyle E. Hasty Arthur A. Mason
" 3. Peter E. Hoffman 6. Arjun Tan

w
.

AVIONICS LABORATORY (AFWAL/AL)
(Wright-Patterson Air Force Base)

Rex L. Berney

John Y. Cheung

Ronald L. Greene

William Grosky

Ken Tomiyama
Dennis W. Whitson
George W. Zobrist

Powrno -~
-~ o

BUSINESS RESEARCH MANAGEMENT CENTER (BRMC)
(Wright-Patterson Air Force Base)
1. Jeffrey Camm
2. Thomas Gulledge

xxXi




C. PARTICIPANT LABORATORY ASSIGNMENT (Paqe ?2)

ELECTRONICS SYSTEMS DIVISION (ESD)
(Hanscom Air Force Base)
1. Robert Hof fman
2. Stephan Kolitz

ENGINEERING AND SERVICES CENTER (ESC)
(Tyndall Air Force Base)

1. Thomas Carney 5.
2. William Cooper 6.
3. Yong Kim 7.
4, Cheng Liu

FLIGHT DYNAMICS LABORATORY (AFWAL/FDL)
(Wright-Patterson Air Force Base)

1. George Becus 8.
2. Bor~Chin Chang 9.
3. Peter Disimile 10.
4. Michael Doria 11.
5. George Doyle 12.
6. Franklin Eastep 13.
7. Paul Lee
FRANK J. SEILER RESEARCH LABORATORY (FJSRL)
(USAF Academy)
1. David Anderson 5.
2. David Barnhart 6.
3. Wu Cheng 7.
4. Thaddeus Englert 8.
GEOPHYSICS LABORATORY (AFGL)
(Hanscom Air Force Base)
1. Jon Ahlquist 8.
2. Frank Battles 9.
3. Wolfgang Christian 10.
4. Donald Collins 1.
5. Patrick Gannon 12.
6. Michael Hayes 13.
7. C. Lishawa
HUMAN RESQURCES LABORATORY/ID (HRL/ID)
(Lowry Air Force Base)
1. Doris Ginn 3.
2. Charles Lance 4.
HUMAN RESOURCES LABORATORY/LR (HRL/LR)
(Wright-Patterson Air Force Base)
1. Patricia Boggs 3.
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Simulation of the Cardiac Conduction System

by
Frank Hadlock

A synchronous discrete event simulation model was developed
to simulate the wave of cardiac depolarization of the
ventricular portion of the human heart. The model emrcliovs a
discrete geometrical model of the heart, zased c<n ore
millimeteyr cubical cells, and a discrete set oI czrducticon
states which the cells can assume. The eventual cuTzus of
the simulation is EKG signals or bedy surface pctantials.
The model is sampled synchronously at time steps apprcpriate

for the intended output.

1 INIRODUCTION

By way of background, the research project descrited in *his
report 1is concerned with the computer simulation of The
cardiac conduction system. The eventual objective 1is the
generation of EKG signals, vectorcardiogram signals or body
surface potential maps. This project was selected as being
one of mutual interest to the Air Force and the investigator.

For their part, the Air Fcrce is interested in inexpensive,




noninvasive methods for the early detection of coronary
artery disease [5]. To be akcle to interpret Dbody surface
potential maps correctly, a quantitative theory for their
genesis is needed. The cdevelopment of a cardiac conduction
simulation model with the eventual generation of body surface
potential maps will be an aid to the formulation of such a
theory. For the author's part, the research project was
relevant to past algorithm and software cevelorment
experience, and to ongoing research interests. Erom 1579
through 1981 the author was associated with the development
of an ambulatory arrythmia monitor as contractor for
DataMedix, Inc. of Boca Raton, Fl. Erom 1981 througnh 1$82,
while on 1leave from his university, the autior acted as
Director of Advanced Software Development at DataMedix.
During this time he had major responsibility for the
development and testing of algorithms for EKG data
compressiocn and for QRS classification. As an outgrowth of
this experience, he has become Iinterested 1in measures of
similarity, particularly Levenshtein distarces, wnich might ke
applied to waveform comparison. With respect to Levenshtein
distance, he has developed fast algorithms for 1its
computation, and has interests in working on its applicatic

to EXG interpretation.
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2 QRBJECTIVES QF THE RESEARCH EFZORT

For over the past twenty years, medical researchers have been
working on various simulation models as an aid in
understanding the cardiac conduction system. A possirle
application of such a simulation model is as a diagnostic
aid. By modifying the normal heart geometry to reflect
suspected conduction defects such as ischemia, output from
th simulation can be compared  with the patient's
EXG, vectorcardiogram, or Dbody surface potential map. Close
agreement will tend to corroborate the dJdiagneosis as co

concuctinon defects.

By way of background we will briefly describe and compare
four discrete event simulation models developed in the past.
We begin with one due to Moce [4] which 1is concermned with
modelling circus rhythms in the atria. The geometry is 2
dimensional, with hexagonal <tissue units. The model is
finite state, with each tissue unit being in one of 5
possible states during the simulation period. The S states
are as follows. First 1is an absolute refractory state,
assumed after firing and during which the cell is incapable
of being fired again. Next, in order of normal assumption,
are three relative refractory states, during which the cells
can be triggered to fire again, but at a reduction in
conduction velocity proportional to the remaining time in
relative refractory. Finally there is a rest state. Time is
descretized by employing 5 ms time units. Whfle this model

introduces some useful concepts, it concerns itself with
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simulation of the atria and utilizes a two dimensional

geometry.

The next model, due to Eifler and Plonsey ([3] uses a
complicated cell shape : an elongated rhombic duocdecahedron.
As in the model due to Moe, et al, this model discretizes the
states which c¢an be assumed by a tissue unit. They assume
only three states : rest, absolute and relative refractory.
On the other hand, their model is sophisticated with regard
to providing for different conduction velocities between
units, depending on whether the units are axial c¢r lateral

neighbors.

The third model, due to Selvester and Solomon [6], uses a
cube as a cell shape. There model provides for two states,
rest and absolute refractory. Since the model only makes one
pass, the absolute refractory state can be used for vacant
cells. Despite its simplicity, the model is very slow and

does not provide for modeling re-entrant rhythms.

The fourth model, due to Samn (5], 1is an asynchronous
simulation model. It may be viewed as a generalization of
Mce's method to 3 dimensions, using a time ordered priority
queue to store events. While it has the capacity to model
re-entrant rhythms, the overhead necessary to maintain the

event queue 1In order of event priority tends to make the

model slow.
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The specific objective of this project was to develop a
synchronous simulation model which would be capable of

mocdelling re-entrant rhythms and would be relatively fast.

3 BASIC ASSUMPTIONS EQR THE SIMULATION MODEL

3.1 Geometric Aspects Of The Model

Physically, the heart is modeled as a 3-dimensional
rectangular array, 100 cubical units in each dimensicn, =ach
cube being one mm on an edge. Each cube of tissue, or cell,
is assumed to be homogeneous as to tissue type, and hence as
to conduction properties. Each cell can excite all
neighboring, non- vacant cells, where a neighbor is
considered to be any cell which has a side, edge or point in
common. Consequently a cell can have as many as 26
neighbors. It should be pointed out that this is contrary to
the assumptions made in the model due to Eifler and Plonsey,
who permit only reduced communication between lateral
neighbors. Only ventricles and His/Purkinje fibres are
incorporated in the current heart geometry file. However the
model provides for additional types, which might be utilized
to represent different levels of ischemia. Test data is
taken from a digitized version of a human heart, fixed in

agar on autopsy and sliced into 100 slices along its verticle

axis.
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3.2 Electrophysiological Aspects 0Of The Model

Each type of tissue is assumed to be characterized by its own
action potential wave form with the duration of the absolute
refractory period being a function of the 1last RR interval
(actually the cells last firing and its current firing) and
relative refractory period a function only of cell type.
While the only sample heart geometry currently available to
us provides only two cell types (Purkinje and ventrucular),
the computzar implementation of the model has the potential
for accepting heart geometries which include up to five
additional types, corresponding to various levels of

ischemia.

Conduction velocity is also dependant on cell type, with the
maximum velocity assumed to be 2 meters/second. This
assumption is reflected later in the cheoice of the smallest
simulation time unit, chosen so that wave of depolarization
never propagates across more that a single single cell during
the time unit. Besides cell type, conduction velocity is
dependent on cell state, with the velocity varying directly
with the time a cell has spent in the relative refractory
state, (1f it was in relative refractory) and achieving its

maximum if the cell was in the rest state.

The conduction states used in this model are as follows.
First of all, absolute refractory refers to the period
immediately after firing during which a cell cannot be

activated again. In this model, this period is divided into
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two states: absolute-refractory-l (corresponding to the
upstroke of the action potential) and absolute-refractory-2

(the remainder of the period). By unfired and to-fire, wil

b

be meant the status of not having keen scheduled to fire and
the status of having been scheduled to fire. The model
divides the state of relative-refractory-unfired into
fourteen periods, corresponding tc¢ the remaining time in
relative refractory., and th same fer
relative-refractory-to-fire. Finally there are two separate
states, rest-unfired and rest-to-fire to represent a cell'

being in rest and unscheduled to-fire, and being in rest and
being scheduled to-fire. This totals thirty two distinct
states used to represent the state-time information acocut a

cell.

4 COMPUTER IMPLEMENTATION QF THE MODEL

4.1 A Synchronous Computer Model For Cardiac Conducticn: An

Overview

One of the basic decisions which must be made in developing a
simulation model 1is whether to use a synchronous or an
asynchronous approach. In the synchronous approach, a basic
simulation time unit is chosen and the system is examined
periodically in increments of this time unit. For our
application, the electrophysiological state of the conduction
system at the end of the next time unit must be computed from

its current state.
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In the asynchronous approach, significant events are stored
in a priority queue ordered by time of occurrence. The next
event to occur i1s obtained from the head of the dqueue.
Processing the event may schedule other events to occur,
which must be entered in the event queue according to time of

qeaurrence.

In both approaches, time and state information must Le
maintained. The asynchronous approach will be more efficient
if the simulation cutput is never needed except at the time
of occurrence of significant events or with less freguercy.
If output is needed with less frequency., then generatisn of
output can be designated as a significant event and e
scheduled by itself or by other events. An improvement in
efficiency is then realized if the asynchronous approach
results in sampling the system 1less frequently than the
synchronous approach, and the overhead involved with
maintainig the priority queue is offset by this savings. FIor
our application, the signal needed to generate an
electrocardiogram, vectorcardiogram, or  body surface
potential map 1is sampled periocdically. Typical sampling
rates are Z ms or 4 ms sampling. This would suggest using a
synchronous simulation medel, with time step chesen sc that
the rate with which the system state is sampled is
sufficiently high so as to obtain the desired degree of

accuracy of the simulation output.




4.2 Static Representation Of Heart Geometry, Cell Tyre And

State

The CELL array is a 100x100x100 array, which simultaneously
defines the heart gecmetry as well as the type and state of
individual tissue units (cells). It also, alternately stores
the time of last firing and the time till firing. In its
current form, two bytes of information are allocatsd to each
cell. The two Lyvtes are partitioned into three fields.
Field-1 (8 bits) stores the time of 1last firing while the
cell 1is in certain states, and stores the time till next
firing during the other states. Field-2 (3 bits) stores the
cell type while Field-3 (5 bits) stores state-time

information. The 5 bit state-time code is shown in the table

below.
State Code
Absolute-refractory-1 00000
Relative-refractory-unfired " 00001
Relative-refractory-unfired 01110
Absolute-refractory-2 01111
Rest-unfired 10000
Relative-refractory-to-fire 10001
Relative-refractory-to-fire 11110
Rest-to-fire 11111
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Note that the use of sequential codes for the
relative-refractory-unfired (and for the
relative-refractory-to-fire) states facilitate next state
computation. The last 4 bits determine the number of
relative-refractory- unfired time units remaining for the
cell (14 for a cell with state code 01110). Since Field 3 is
the least significant, decrementing CELL (x,y.z) changes cell
X.,¥.Z to its next relative-refractory-unfired state (or next
relative-refractory-to-fire state). Note that if x,y,z 1is
relative-refractory-unfired with one
relative-refractory-unfired time unit remaining (code = 0000)
its state temporarily becomes absolute-refractory-1. After
decrementing, a comparison is performed . to see if a
transition to rest-unfired (or rest-to-fire) is in order.
Thus the code selection, placing absoclute-refractory-1 below
relative-refractory-unfired and rest-unfired below
relative-refractory-to-fire as buffers, permits decrementing
without first testing; without. the buffers information in

other fields would be affected.

4.3 Dynamic Representation Of State-Time Information

To make the model efficient, it is necessary to utilize a
redundant representation of the conduction system. The CELL
array is complete in that it contains all the information
necessary to perform the simulation. At the same time, it
requires 2,000,000 bytes of information. Thus, if only CELL
were available, the model would require on the order of 200

million instructions to be executed to simulate a single
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cycle. To avoid this, special purpose [Alist structures,

designed to minimize the number of page faults, have been
adopted. Because the kind of processing which takes place in
each state differs, and because the need for simultaneous
transfer of information with the CELL array differs, the list
structures differ from one state to the next. The dynamic
structures introduced to provide efficient processing of

cells in each state are described as follows:

Description of List Structure

-re ol -1: REF1-CRC 1is an
unordered circular buffer of records. Each
record contains the x,vy,z
coordinates of a cell in this state, along
with its remaining time in this state, and
time in absolute-refractory-2. Input is
from WVE-LST and from the head of REF1-CRC.
Cells at the head of REF1-CRC are processed
and either go the tail of REF1-CRC or to
REF2-STK. Processing is a 1 ms intervals.

= &9 = and
-re he! - : REF2-STK is a
series of stacks, one for each Z-plane.

Each record contains x,y cocrdinates along
with the time remaining in its current state
is from REF1-CRC. A single link
implementation is used and deleted cells

pass to the rest state and are only accounted
for in the CELL array. Processing is at 8 ms
intervals. -to-fi and

-~ v —to- :

WVE-LST 1is a series of stacks, ore for each
Z-plane. Further, there is a current version

and a next version. The stacks are
implemented as linear arrays (no
pointers). Each record

contains X,y coordinates and the time the
cell was last fired

(obtained from Field 1 of CELL).

The top stack element is processed by decre-
menting its remaining to-fire time in CELL.
If fired, the coordinate information goes to
EIRE-DIR and FIRE-COCRD structure else the
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record is copied to the top of the corres-

ponding stack of the next version of WVE-LST.
Input is accomplished by processing FIRE-DIR
and FIRE-COORD to determine new cells

triggered to-fire.
Processing is at .5 ms intervals

with relative-refractory-to~-Iire times
updated with the same
frequency as relative-refractory-

unfired. Next and current versions of
WVE-LST are interchanged
(i.e., designations are inter-

changed) .

4.4 Propagation Of The Wave Eront

Propagation of the wave front is accomplished »y processing
cell records on WVE-LST which represent cells in either
Rest-to-fire or Relative- refractory-to-fire. Since WVE-LST
is organized as a series of stacks indexed by Z-plane, the z
coordinate is automatically determined. After retrieving the
x,Y coordinates, Field 1 of CZELL(x,y.Z) is decremented,
adjusting the remaining time-to-fire. If this time is
non-zero, the cell record 1is copied to the head of the
corresponding stack for the next version of WVE-LST.
Otherwise the coordinate information is read into FIRE-DIR
and FIRE-COCRD which maintains a series of unordered 1lists
corresponding to Z-planes of cells just fired. Next each
Z-plane is processed as follows. For every cell above, on
the same plane, or kelow, which just fired, its neighbers cn

the Z-plane are tested. Any non-vacant cells in rest-to-fire

or relative-refractory-to-fire have new firing times
computed, these replacing the old ones (in CELL) 1if they

earlier firing times. Cells in relative- refractory-unfired

i

or rest-unfired are changed to the appropriate states and
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added to the next version of WVE-LST.

S RECOMMENDATIONS

A Fortran 77 implementation of this model was developed after
the decision to adopt a synchronous approach. The initial
part of the summer fellowship pericd was spent considering
alternative strategies for speeding up the asynchronous
model. Some alternatives were to employ a fisbpear data
structure to facilitate maintenance of the priority queue.
Another alternative was suggested by the observation that
scheduiing times (relative to the present) assumed only a
small set of values, suggesting that the priority queue be
organized as a series of constant time queues. Inserting an
invent into the priority queue would be accomplished by
pushing it on the stack (queue) indexed by its time of

occurrence (relative to the present).

However, because it was recognized that simulation output was
needed 1in synchronous fashion, it was decided to take a
synchronous approach. The first version was a test version
and was developed for a two dimensional geometry. It took
only seconds to propagate a wave front through what
corresponded to a quarter of a single plane of the three
dimensional geometry due to Sylvester (less than .25 %). The
current version should be tested. If it probes to be more
efficient than the asynchronous model due to Samn, then the
code to generate body surface potentials can be added at the

end of the 2 ms loop.
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A Framework of an Optimum Synthesis

Environment for the Hydrocode EPIC-2

by

Prabhat Hajela

ABSTRACT

The nresent study seeks to examine the eafficacy of a mathematical
nonlinear programming approach for the optimal synthesis of structures
subjectad to high strain-rate plastic deformations. Efficient methods of
constraint representation are implemented to reduce the dimensionality of
the ontimization problem, where the latter s in outcome of the transient
nature of the response functions. A Lagrangian discretized domaia
approach is used for the solution of the equations of motion and is
couplad to a feasible usable search direction algorithm to Form an

optimization orogramming system. The optimum 3izing of 31 srojectile shell

3

for survival in a 1igh velocity impact, orovides %the %23t arobizam for this
study. A stapwise linearization of the design space i35 attamptad for

computational efficiency, with encouraging results.
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I. Introduction

I obtained my Ph.d Degree from Stanford University in July 1982. 2is
a graduate student, I investigated efficient methods of automated struc-
tural synthesis, an area in which ! first developed interest during a
summer program at NASA Langley Research Center. I continued to work in
optimum design methods during a one-year postdoctoral assignment at !CLA
and consider it my primary field of research interest. The application
areas at the Eglin AFB Armanent Laboratory provided some challenging
extensions in the field of optimum structural synthesis. Formost amongst
these is the design of structures characterized by nonlinear analysis and
a variable geometry of the computational domain.
IT. Objectives of the Research Effort

Significant advances in digital computing capabilities, counlad with
parallel development of more efficient methods of analysis, have con-

tributed to the emergence of automated structural synthesis as 3 viidt:2
design tool. Early contributions to the concept of optimum structural
design can be found in publications of Maxwell [1] and Wichell [2]. Thne
1950's witnessed the development of the simultaneous failure mode theory
{31, in which a structure was considered optimal if it failed in 2ach of
the several failure modes at the same Toad condition. The contemporary
approach to the optimum structural synthesis problem can ve tracad to the
oionearing efforts of Schmit [4]. The past two decades have witnessad
considerable research activity in the field and has resultad in the
emergence of *wo distinct approaches - the optimality criteria methods ~5]
and the nonlinear programming technigue [6]. An extansive reviaw of %he
Titerature in this period is documented in [7]. Of the optimality
critaria and the nonlinear programming strategies, the latter i5 con-
sidered a more general approach, and is used in the work described in tnris
report.

The nonlinear programming approach has enjoyed considerable success
in the design of elastic structural systems subjected to static load
conditions. The methodology involves the coupling of a mathematical
nonlinear programming algorithm to an analysis procedure for a given
problem domain, to obtain an optimization programming system [8]. Despite
the apparent success of this approach, there are several drawbacks that
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must de considered in its implementation. Strictly speaking, the problem
of optimal structural synthesis is one of repetitive analysis of candidate
designs, to obtain the best in terms of a prescribed set of conditions.
Rather tnan use a random selection of the trial designs, the ontimization
algorithm provides a systematic search procedure. Furthermore, the search
for new designs is terminated when certain mathematically determined
conditions for optimality, such as the Kuhn-Tucker conditions [9], are
satisfied. The search techniques for constrained optimization problems
need the gradients of the constraints and the objective function, in
addition to the function values. Hence, in the presence of a large number
of design variables and constraints, such methods become extremely
inefficient from a computational standpoint.

Several approaches have been suggested to circumvent the problems of
large dimensionality described above. 0One approach to reduce the computer
resource requirements is to substitute the detailed analysis of the
structure by an approximate analysis of a reduced order model. Such
methods nave been proposed and implemented with a great degree of
success. The other approach is to simplify the design space itself by
reducing the number of design variables and constraints that the
optimization algorithm has to contend with. Design variable linking is a
process that allows the user to limit the number of design variables in
the optimization. Constraint deletion and cumulative constraint repre-
sentations permit a further reduction in the dimensionality of the desijn
space. Additional savings in computational effort can be achieved by con-
structing high quality explicit approximations to the design space. A
detailed description of these concepts is available in [10,11,12].

The developments described above have been largely confined to the
design of statically loaded, elastic structural systems. Constraints
obtained from a dynamic loading environment have largely been of the form
in which the natural frequencies of the structure are constrained to lie
in some prespecified pockets [13]. Transient response constraints [14],
and constraints from a random loading environment [15] have received
little attention in this effort. Also included in the latter category is
the optimum design of structures which exhibit geometric or material
nonlinearities. » 77!*
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The primary focus of the work described in this effort was to assess
the applicability of optimization metnods in the design of structures that
undergo significant plastic deformations under dynamic loads. This
includes the devalopment of an optimization arogramming system for th2
task. An additional task was to identify the problem areas typical of
this class of structures, where the analysis is inherently nonlinear and
does not Tend itself conveniently to the approximation concepts developed
in context of optinum design of elastic systems. The test problem chosen
for this task was a shell colliding agaiast 3 rigid wall with a prescribed
velocity, resuliting ia severe plastic deformations ia the structure. An
interesting feature of the proposed problem is its resemblance to a shape
optimization problem, a subject that has received considerable recent
attention [16,17]. Subsequent sections of this report describe the
structural optimization problem, the {mplementation of the cumulative
constraint concept to circumvent the parametric nature of the design
constraints, the description of the optimization nrogramming system and
areliminary results for the test problem. Shoricomings in the present
approach are also identified.

I11I. Mathematical Problem Statement
The general statement for a nonlinear programming optimum desijn

aroblem can be written as follows.

“inimize  W(d) {1)
Supject to gj(a) <) =l 2,...m el
hk(a) =9 k=1,2, D {3)
d; < d, < df i=1,2,...n (4)

dara, {{d) is the objective function and in structural ootimization
oroblems, is typically the structural weijht; gj(a) and h, (d) are the
inequality and equality constraints that prescribe bounds on the responsa
quantities of interest. The constraints are generally defined in a

normalized manner as follows.
z(d)

g.(d}) ==—=——-1%«290 (5)
J Zan

Here, z{d) is the response quantity to be ccnstrained and in structural
design would typically be the element stress, nodal displacement, natural

o

(O]
t
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frequency of the structure or a buckling load parameter; Z.n is the
osrescribed bound on this response quantity. The vector d represents the
design variablaes that are to be optimally assigned in the ontimization
algorithm and are generally the element member sizes, material properties
or geometry definition parameters. The individual components d; of the
design variable vector have prescribed lower and upper bounds df and d?,
respectively. These permit specification of 1imits on design variable
changes to achieve the desired objective. It is important to note that
the objective and constraint functions are, for most realistic structural
design problems, implicit functions of the design variables. The sensi-
tivity of these functions for the design variables must Se obtained by
numerical techniques.

1. The Faasihle Usable Algorithm

The optimization algorithm adopted in the present work is basad on
the feasidle directions approach of Zoutendijk [18] and is the basis of a
constrained minimization program CONMIN [19]. The basic approach of this
technique is described herein for completeness. Consider the scalar
objective function W(d) that is to be minimized subject to the constraints
gj(H) <0, j=1,2,...,m, where W and gy are general nonlinear functions of
the design variables. The feasible directions approach is in the category
of direct methods for constrained optimization and proceeds towards the
optimum i1 a sequence of design variable update cycles of the form

. .
d?*l -l v as (5)

where, sd is the direction of search established by the algorithn

and a* is the step size that must be taken in the direction of the
aroposaed search. The search diraction i3 deemed to be feasible if a small
move in that direction from the current design does not cause an increased
violation in the constraints. For linear and convex constraints, this can
be mathematically stated as

sTvgj <0 (7)

where the equality condition is applicable in the case of linear and
outward-curving constraints. Further, the direction is considered to be
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both feasible and usable, if in addition to (7), the following inequality
is also valid.

sTsF < 0 (3)

This represents an improvement in the objective function for a mini-
mization problem. A geometric interpretation of this approach is shown
in Figure 1. The inequalities (7) and (8) result in a feasible-usable
sector in the design space in which the search must proceed. The step
size selection for the algorithm is basad on a one 1imensional search
along this direction. The basic technique used in CONMIN is to minimize ¥
along a steepest descent direction until one of the constraiat boundaries
is encountered. The search then proceeds along this bSoundary till the
objective function can no longer decrease. The significance of objective
and constraint function sensitivity for the purposa >f optimization is
abundantly clear from this discussion.

V. High Velocity Impact Computations - EPIC 2

The analysis for the design problem considered in this study is
complex, and involves the transient dynamic response of a continuum. The
ability to model arbitrary geometries of the continuum is of absolute
essence in any automated design environment. and hence a discrete
numerical approach is preferred. The EPIC-2 computer program is con-
figured to obtain solutions for dynamic response analyses in immac*t and
detonation problems, for plane strain and axi-symmetric situations.
Furthermore, it has the capability to model strain nardeniag and Aigh
strain rate effects that are typical of the nroblem under consideration.
The geometry of the domain is discretized into triangular elements, with
Tumped masses at each node. The displacements within the elaments ars
assumed to vary linearly between the nodes, giving the triangular 2lements
the semblance of constant strain triangles in the finite element method.
The solution grid is Lagrangian in that it moves with the material during
elastic and plastic flow. For an initial set of prescribed displacements
and velocities, the strains and strain rates are determined by considering
the spatial derivatives of the former. The strains are then used to
determine the stresses using the constitutive laws. Once the element and
nodal stresses are established, the corresponding nodal forces and and

(3]

(9]
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nodal accelerations can also be determined. New estimatas of the nodal
velocity are obtained by a linear extrapnlation of the velocity at tha
nrevious time stzp and from the accelerasion detarmined for that stan.
This process is repeated for the time period of interest and a time
history of tahe quantities of interest such as strains, stresses and
pressures are stored for postprocessing. Additional details on the
theoretical and computational aspects of £PIC-2 are available in [20].
V1. Efficient Methods of Constraint Representation

The pressure and strain information available from £2[C-2 i5 a

function of time and the design constraints to 1imit these r2sponsas %o
allowable values during some predetermined initial period of impact, can
be written as follows

b (@80 /gy = 1 <0 3

11

where, p,q7 and €417 are the upper bounds on the pressure within the
explosive and the strains in the structural shell, respectively. The
constraints denoted by (9) and (10) are parametric in time and 3 ma<i~um
response cannot be determined by either a close form evaluation or 2
functional maximization, particularly in the case of the pressure, wiich
is a nonconvex function of time. A discrete sampling of %the r2s)y0ns2 i3
therefore used to represent the pressure and strain constraints. To avoid
the problem of misrepresenting the maximum response, a large number of
closely spaced points must be considered in the solution. This, couplad
to the sizeable number of elements that one must include in a ralatively
coarse model of the structure, would resui< in an inordinaz2ls Targe
number of design constraints for the problem.

This problem can be addressed by recourse to the cumulative con-
straint formulation which allows the user to denote a large number of
design constraints by a single representative measure. For the design

constraints 9> j=1,2,...,m, the representative cumulative constraint 2 is
written as follows

o

Q1
]
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i r
_5+j:1< gj> iFas g
Q= (11)
1 a PF A <y
-e +=Lnf ¢ explog.)) o
9 j=1 J

95 if g; >0
where <g.,> =
J 0 if g, <0

where, '4'is a preselected parameter (order 10-1) that allows transition
from one formulation to the other and is chosen such that the change
occurs close to the constraint boundary; r is a constraint smoothing
factor typically chosen as 2 but is reduced as the constraint approaches
the boundary; 'p' is the constraint participation factor and its numerical
value is typically of order 100. The constraint participation factor is
such that the most critical constraint dominates the cumulative function.
If a smaller value of o is chosen, a smear of a Targer number o>f con-
straints can be obtained in the cumulative constraint. 9iscussions
pertaining to the mathematical validity of the constraint representation
are available in [21].
VII. Implementation of the Programming System

A. Program Structure.

The analysis and optimization programs described ia the preceeding
sections were coupled into an automated synthesis environment by a
sequence of pre- and post-processor programs. The flow between these
programs and the other processors was controlled in the Command Language
feature of DEC systems, and is best illustrated in the annotated flowchart
shown in Figure 2. This section of the report describes the specifiz tasks
of each module in the flowchart, including a descriotion of the dazi “ilas
that are necessary in the present implementation.

A typical input runstream for the program EPIC-2 can be broken down
into three segments. The first deals with input information pertaining to
the task that is to be performed, i.e., whether the program is to be run
as a preprocessor only, or if dynamic response computations are required.
It also contains input on what information is to be saved for post-
processing. The second portion of a typical runstream is devoted to the
definition of the geometry of the problem domain and a third segment

55-%

- N




details element connectivity information and additional information
pertaining to velocity of impact and time for which response must be
tabulated. In a typical synthesis procedure, it is the geometry of the
structure that is generally changed to achieve the desired objectives.
The program PREEPIC is the preprocessor to EPIC-2, and is configured

to generate new geometry information for the program in a desired
format. It makes use of the design variables, which in the present
problem are r or z coordinates of nodes, and computes the location of
other node points in a grid, the order of which is predetermined and not
allowed to vary. The design variable data is contained in a data fil2
DESIGM which also contains lower and upper bounds on the design varia-
bles. Other parameters that describe the geometry of the structure but
do not change in the resizing, are contained in another data file GEOM.
A1l data files in the present task are unformatted for ease of program-
ming.

The optimization algorithm requires not only the function iaformation
for the pressures and strains, but also the sensitivities of these
response guantities for each design variable. This sensitivity is
obtained by a first order finite difference approximation, by perturbing
each design variable, one at a time. Hence, for n design variablas, the
analysis to obtain the response sensitivities must be repeated n+l times.
The parameter that identifies the variable to be perturbed is in the data
file MDVNCON, which also contains information on the number of design
variables and constraints, the number of explosive and structural
elements, and the step size for the finite difference approximation.

Each new runstream created by the preprocessor is executed by T2IC
and the output information is postprocessed in the program POSTEPIC.
dere, the cumulative constraints for the strain and pressure conssraiiis
are computed and stored in a data file CONFUN for computing the sensi-
tivity information. The latter information is obtained in program GRAD
and transferred to the optimization program CONOPT in a data file GGRAD.
The program CONOPT contains the call to the constrained minimization

program CONMIN and also provides the latter with objective function and
constraint information as required. The flow chart illustrating the
execution of the optimization program is shown in Figure 3. L—-—!#
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For purposes of computational efficiency, the nonlinear optimization
problem was replaced by a sequence of piecewise linear approximations.
Consider the case of a general nonlinear objective function T(X) to be
minimized subject to nonlinear inequality constraints gj(?), j=1,2,...,m,
and prescribed lower and upper bounds on the design variable vector,
xf and xg, respectively. At any given point in the design space, the
objective and constraint functions can be assumed to be linear for small
changes in the design variable vector. The function sensitivities can be
obtained at the given point and updated values of the functions can be

Aritten as follows.

F(x + ax) = F{Xx) + 77(X).Ax (12)
X+ Aax) = g.(X) + 7g.(X).«x
gJ(x AX) gJ(x) gJ(x) X (13)
The validity of these approximations is ensured {° the change in the

design variable vector is restricted to be a small one. OJne nossidle
approach of ensuring this is to permit a +20% change ia each component of
the design vector for any piecewise cycle. The optimization problem
statement for such a repetitive piecewise linear approximation can be
stated as follows.

Minimiza ={X) (14
Subject to gj(Y) <0 (15)
0.8 x5 < x5 <1.2 x4 (18)
xt < x, <« (17)

This process is repeatad till the constraints are satisfied and the
objective function does not show an appreciable change in successive
iterations.

B. The Test Problem Description.

The projectile shown in Figure 4 is chosen as a test problem to
assess the validity of the programming system implemented in this study.
The projectile has a steel shell and is packed with an explosive charge.
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It impacts a rigid target, normal to the surface and at a prescrided
velocity. The rigid target assumption was made to reduce the comnlaxity
of the analysis problam as would %e introducad if the nrojectilz wyer2
aliowed to penetrat2 the target. The impact causes savere dDlastic
deformations to develop in the structural shell and also introduc=2s a
pressure pulse into the explosive charge. The optimum design requirements
were formulated to maximize the total internal volume and hence the
explosive carrying capacity of the shell. The design constraints include
an upper bound on the plastic strains at any noint ia the shell ind on %tie
maximum pressure in the explosive. An additional constraint was i-mosed
requiring the ratio of the explosive weight to the strucktural weijht %5 de
above some prespecified value.

L B

A mathematical statement of this problem can Se “irmutiazad 35 377 ows
Maximize V = Minimize [-¥(%)) o
where V is the iatarnal volume of the shell

Subject to gy = Ql(si,sa]]) <9 ey

1
()

Y]

92 = R(pysPany) <0

i

93 2 0.675 Wy, /gy, - 1 <0 2

str

In the abova axprassions, the values of 2311 and p,qy are 0.2 an:
0.725x10° psi, respectively;

Aexp aNd Ngyp
and the structural shell. The time duration of impact for which %hese

are weights of the expinsiye

conditions are to de satisfied was chosen as 30 usecs. The constant 1.3
of (21) was selacted on the basis of typical explosive to structure we
ratio in a 5007b <-lass warhead. The design variables selactad For t1is
study are designated as X i=1,2,...,5, in Figure 4.

VIIT. Mumerical Results

Numerical results for the problem described in the preceeding

section, were obtained for two specific cases. The first, involves a
fixed external geometry and variation of the first three design variables
only. This permits a change in the internal geometry of the shell. To
obtain a better understanding of the design space, parametric variations
of the design variables were attempted to observe their influence on the

55-12




IX. Concluding Remarks

The report describes the preliminary implementation of an optimum
synthesis methodology for the sizing of structures that are subject to
Nigh strain rate deformations. The use of hydrocodes for analysis appears
to be a logical choice for this class of problems. In the current
application, the hydrocode EPIC-2 was coupled to a feasible usable search
directions program CONMIN, to obtain the synthesis procedure. MNumerical
testing of the proposed method indicates the potential for using such
techniques in the design process. Extension of the current work to
include target penetration and the associated time dependent pressure
boundary condition on the shell, is a natural choice. Despite the
encouraging results obtained in this effort, there are several issues that
need to be addressed at a fundamental level.

At the very outset, it is important to emphasize the considerable
investment of computational resource required for hydrocodes to run in a
repetitive analysis mode. For the class of problems examined ian this
effort, it appears that the constraint functions can be approximated by
explicit linear or quadratic functions. Approximate analysis orocedures,
similar to the reduced basis concepts in the synthesis of elastic
structural systems, must be explored in some detail. The design nroblams
that are most 1ikely to be addressed in such an environment, includes the
element of shape change in the basic configuration. This is a ra2latively
new discipline in the field of automated synthesis and requires a focused
2ffort in context of this problem. The response sensitivities generatad oy
perturbing the nodal coordinate system also include the effect of a
reorienting grid system. This effect must be isolated to obtain better
convergence characteristics in the optimization process. The current sat
up s somewhat 1imitad in that the order af the grid is not allowed to
vary in the optimization. This olaces a restriction on the allowable
changes in the design variable. A variable order, adaptable grid for the
analysis problem is seen as a possible solution to this problem.

Ongoing research on this subject is expected to address some of the
problems outlined above and will be reported in other publications.
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Feasible-Usable
Sector

Figure 1. Geometric interpretation of the feasible usable
search direction approach.
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Figure 2. Flowchart for the optimization programming system.
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Figure 3. Flowchart for the CONMIN optimization algorithm.
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Figure 6. Effect of a parametric variation of design varijables
on the strain and pressure constraints.
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Modeling of Human Body Movement

o1%

-

Patrick Hannon and David Jansen

ABSTRACT

The Articulated Total 3ocdy (ATR) model is used =0 sinulats 2icdvmamiz
responses due to forces on the human oody such as iocalized concact
forces, aercdvnamic drag, or internal muscular £orces., “alidaticn and
cossiol2 improvement »f the model was investisar2d tarough zwoe
acorcaches, 1A skilled motor verformance, the overhand taseball =hrow vas

Ui
—

seiactad as the dasis for the validation study, and zarze-Zimensicra

£

7]

rn

2xrerimental data from numan subjiects were obtained., In :zae fis
apcroach, muscle forces derived from the literature were input to the
mocdel £or the right upper limb, The time courses for the muscle for:as

ser2 -otained from electromyography studies of overarim throwinc, Iocd

<3izi3zical correspondence tetween the experimental data and c-= tus-i:

5

Irom the simulation resulted. The second approach involived prescrisin

Y]

che moticn of a single joint (-he right knuckle) and adjusting other

carameters of the ATR mecel to obtain correspondence witn tae .
2yTerirental data, Vo muscular forces were inveolved ia this ancrzach,

3iznificant statistical correspondence resulted, though nct as nigh as

wizh the first approach. Recommendations for further validation and ILV,.!+

develorment of the ATB model were made.
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I. Introcduction

Patrick Hannon

I raceivae . 2. in Zhvsical Zducacicn foom o zhe Tnises
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L. f

Ty
NMorthern Colorado with a maior specialization in motor control and 3
minor specialization in »icmechanics in 1980,

My research experience includes working in the Locometion Lacoramce
of Morthern Arizona niversizv which is Jointlv overated v 3L~ ol

Shysical Educakion. ™Much Of tihe worX done in his facility nas ===2-

19
Ui
Gu
o]

C3. st

collaborative winn Rinlogy and Physical Theraov <rof

Vhr S Ve s
Ll E

2¢chanage axperience durina the 1924-33 3cadenic 237 2k “onkana Tiat-

‘niversizy allowed me 1o work wizh Cr, n {Ii2cncaum in Dicreshaniss
and ¢, Jim McMillan in neuzoonvsiolcay,

Zavid Jansen

T

I am currently a Th, D. candidate at wasningtcn State Jniversizy

48U} . My dissertation involves the evelutisn and 2iomecrhanics of the

cecnalic region of venomous snakas, Turing mv z2search I oamploved scatos
analvsis no “describe the actions of 3nake faws, It was alsoy nscaaszsc o

mathematizally model khe c2sulzs, SLNC 3 MlszccTont:

L

-

I was alsc trained in numan anatcmyv while 2z NSU, Raving scent s

(4]

2203 I23aching anakomy 2F a2 nead, n3ck arnd Trung o medical siiden

The Armstrong Aercspace Medical Research Lakboratory i3 involved in
biomechanical analysis and computer modeling of numan movement, The
Articulated Total Body Model simulates human movement with a 15 3eament

nedel which allows 3-dimensicnal analvsis, incorvorating resistive 3oint
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procerties and musculaturs Zorcas, TwO current problems being
investigated by the Mccdeling and 3nalvsis Labcoratoryv ar2 human ocdév
mecicn during emergency aiccrait 23eczicn and aobrust horizontal
deceleration. Although computa2r mocdeling of human motion was a new
approach for us, our background in bicmechanics and human and animal
motor control were useful for our selected problem.

II. Cbiectives of the Research =ffort:

The overall objective of cur simulation stucy was =o orovid

it

nformation about muscle activity across joints for a selected motor

A

s<ill, and in turn make comparziscns tetween the ATB mecdel oukouz an’ 12

neasurad 3-dimensional kinema:tics.,

-
A a4 o~ s
-0 7 ~

L0 i

ey
s
iy

The overarm tnrowing ratha2rn was chosen for analvsis
c2asons, Tirst, there exists good descriptive data for this mozor 3kili
{scecifically x,v,z kinematic data). Secondly, the uvorer extramity in
overarm throwing is a system of three kinetic links wizh iatsrnal muscle
13 s2amental link

z2r3tes acting between the segments of the systam.,

s7stam i3 classifi2d as an ocen Xinetic chain wher2 <ihe Tost “istzl

h

s2arent {zne hand) i3 not fixed, out i3 fr2e oo Tneve La 3mace.
Therafore, the movement is reasonably but not cvarly complex, Thirflo,

iline which mav -cour

3
rh
[N
VY]

zn1s moverent presents sinilarities to tne limb
i1 2 resconse to aersdvnamic drag and 1ifh Iorzes inmcessd mon oz 2l
during aircraft ejection.
Individual Cojectives:

1. The major purpose of our research effort was -0 inrut astinated
muscle force data for overarm throwing into the ATB model and ccmpars tne

model's predicted kinematics with the actual re2cort»@ thrsc Jimensional

[$3]
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Kinematic data,
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2. A seconé oplective of our rasearch =2£F:
_inlzad Kinemazic data Irom an overarm IaLIwing icvemens fatisct Iioosas
ATR model and simulate the remaining kinematics.

The Articulated Total Bedy (ATB) model divides the human nodv inco
15 segments linked by 14 diarthrodial joints., The hand and for=arm ar2
inyasTiyatin

2Crmally comoined into ~ne segment in the ATB model. 2u

~
-

nacde iz 1ecessary o ncéifv the model by resegmenting the Ior=2arsys and

creating right and left wrist joints and hand segments. Bodv secgrenrzs o

the ATB ¥Mcdel z2act o input in the form of inmposed external 27233 2-:
<7 l1it2cmal ruscular” Irces acting across segment articulatiors.

gcentl/, I2ascnacl’ accurate X, vV, 2 <inematic data, with =23 lratsd
inT enc2Y3, has zeen zollacted by Teltner (1986)., This datz was
colleczad =n skilled collage varsity baseball pitchers at Indiana Sta::

Universiz/, The reduced data from one right handed male ovitcher, ace 1>

servec as -2 crizericn <inematics for the oresent compiber simulations
shudy
TTI. Jimulazicn L

Cur £ircst aoorcach involved inouting astimatad muscle force Fata 17

CYRCZALN TAZIWiNG 1acs 1ae ATB Model in order ko ccrrars the ~tcdal

V7]

izhed kinematizs wizh the excerirentallv collackad 3-4irnerszi:-zl

.‘

cinematic data. We were able to astimate muscle forces fren
2lectromyographic (EMG) records of the overarm throwing skill, since
electromyographic measures orovide a reasonably good within-subject
approximation of force oroduction (Bigland-Ritchie, 1981). Therefors,

astimated forces from EMC 4a-a were ysed in the ATB mcdel and r2fined in

a
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an it2rative fashion such that Aacorooriats kinematics resultad, The
aoecrnach that we used was Lo iaccrrooratca MG on-off zines for uccar limd
qUSCUIanur2 Suriang che overasm Cnrowing nesisn 1atd zne nedifizd 1
seament ATB model. The muscle activation patterns during overarm
tnrowing were derived from several sources, including Anderson (1976),
Fisk (1976), Jobe, et al. (1983), Jobe et al., (1984)., Jobe et al, (19R3)
and Joce =t al. (1984) wer= aple -0 estinate <r-m z=2ctifiad, intearated

MG Jdata khe percent of naximal voluntarv iscmezris ccncraczion of active

muscles during the time nistory of the overarm zhrowing 3kill,  Thesa

Itre curves Eor aconisht and antageonist nusculanure tharouchout the
I1IIWing 3ecuence. Thes2 forle Curves wer2 2ased Ln tarht on tne Yorx oI
Frap/alds (13853, ~Freivalds (1385) iacercceratac 3 awumber OfF factors iaio
nis orogram modification of the ATB model (ATBMUS! incilading the relacive
cezzentace <f fiber types within a muscle, the cercentage <f total notor

inot o facruitment, the carallel elastic comecnenk, “he langth-tension

itisnsnic 2f muscle, arnd the force-veiccity f2l3ziznsni

1%
(]
rn
1y
[
[¢4]
e
)
w

ach muscle 15 assumed to act and ¢=2act 3as 3 r2straining selt apnlving
Z2nsion to various body segments, Qur use of Fr2ivalds werk incluced

aTizing twelve muscles (celzs) in the upeer zorse, uccer arm, and

"N

13

222z27m and 1sing nis 2stimates of maxiral muscl2 frze croduckisn for
2ach muscle as the ocasis for our force estimates at maximal and
submaximal levels, Estimating force production at each interval during
-he time history was accomplished by calculating the orcduct of the

rercentage of maximal voluntary isometric contraction and Freivald's

astimated maximal force for each muscle, Thus, the musculat':> was made

o
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active at specific times thoughout the mcoi:r and :the incensity of
activity (meanitude >f =2ach telt function' vas r3zizcl2 zharzoughcut the
throwing meticn iTacls 1), A&diziopalls, Fraisalis vor< surplliad zhe
attachment points for each muscle within each affected segment. These
coints of force application for each muscle were also entzred into the
ATR Model.

3rcer (1269 ancd Tovoshima 2t al,f1574) indicate zhan atcrixingnalv
50% of tne linear veiocizy Of zhe nall 135 acnisved orior o the uccer
limb segments c<¢oming i1nto olay., Cinematography indicates zhat nuch :7

tnis linear velociz/ i3 zhe rasuls of trunk rotaticr atccuz =22

g

longitudinal cody 2xis. In order =0 mocdel the averary T 77w, Ve a3l
crescribed the trunx crisntation and rotazions Irom t-e Intzizl ¢, oLz
#3113, The input of trunk rotations 311onG Wit muscls achiszted tevamans

of Zhe upper right limb segments allowed a computer simulazion named

were prescribed and shculd have follcwed “he exverimen:zal 223 T:7 -2
snoulder. The ATB simulation Eid follow <he trunk rotazisng, tuz iri7:
was experienced for the linear position ccordinates of tne richt saculdisr
throughout the motion. The ATB icdel normally will €follew orescrized
Jata for a secment's orientation throucghout the sinulation,

‘levertheless, nigh correlations for the elbow and wrist coints are
obtained when the simulated points are plotted against the experimental
data. Correlations for the right wrist range from a low of ,719 to a
nigh of ,944 on the z and x axis respectively (Table 2). 1In a similar

fashion, correlations for the right elbow range from .972 for the z axis

(92]
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o .988 for the x axisz, Hcwever, the v ccordinates for the wris: and
elbow indicate virtuallvs nc corralation Zetween the exrerirentszl and
| simulatad data coints, We I2e! that scme of tnhe error in the v
coorcinate may be due to the noncompliance of the orescribed right
shoulder position imposed 2v tne model. The graphics from this
simulation were obtained using the VIZW olotting orogram and ar2

orasant2d in

1y

igur=2 L,
I'7. Simulation 2

A second oblectize I Tnl3 WOLX A3AS IO 2nt2c 3 linizad smcunt oS
crascriced Kinematic data L2om an JVSC3ILM LNrowing ToUIment IaitiEcn Lnt

e ATR 7ccdel ancé simulate the remaining body kinemazizs. In sries oo

aczomelisn fhis obtective, the ~and was forced =-rougn 72 <nown Tesiln

¥

anc tne foint oroperties adiust2d so that the arm seaments mazcned ne
<inematic data. Tirst, %he right knuckle X,v,2z 3aza 'Telzner, 1386 was
crascrived for tne ATB model., Preliminary simulasicns indizatad a ~aed
2 adiust “oint stoes and s2i1ifness orooerties, Throusn 2 32733 of
iz2r37i°ns a mCr2 accurat2 simulation and Iracnic c2crassncation
Nrow Lozesulted (Tigure I, Linear <crrf2i3aticns comracing Throw
simulation with the experimental <ata are oresented in Tabla 2 In
ceneral this simulation vi2lded 3 r=ascnably geed recrasentakicn of Lne
iteaer axtramity rotisn serziscrmed v othe 2¥gerimental 3utiect. Tessfian ¢

7, Ané 2z values were 2ighest secause of the

7alues £or the wrist ¥, -
wrist's close proximity to the right knuckle orescribed motion, but these
values were also reasonably nigh for the right elbow and shoulder joints,

A second mccdel (Throw 2) involved moving our simulation cerformer

frem the true starting oosizion, with the left foot raised, to a more

N N




™

staple position with both feet on the ground surface, This adiuszrent i
the starting vosition was made in crder to oravent the terisrmer Irom

Z3lling over during che simulation sequence, Further, 3 concacs o2

ry
(]
1Y

was added between the upper arm and upper torso seaments to keen :ne
uoper arm and elbow from passing thr''ugh the upoer torsc duriag the
latter stages of the simulation. The X,y, and z data correlacicns I:r

tne right wrist, =2lbow and shoulder arz presentad ia Tapla 2. T =2»

g
i
3l

£his new starting position did not result in a closer aporoxima-icn
the experimental data,

7. Recommendations

1. The use of active muscla 2l2ments <2 Frive a motion i3 =

/aluaole contribution tc zhe Modeling and 2nralvsis 3ranch 2ffnsz. -

<

imcortant implication from the first aooroach is that the ATR —roaarar
which incorporates active elements acting at dodv segments, wav be 57
sigrificant value in the modeling »f auman notion, In our work, -u

crces were input for tne trunk and cigsht upoer ex-renity &

(o]
L2
rs

O

secments in an approoriate motion that Aowroximated x,v, z exnsr. eIl
gatnered coints in a comolex motor skill., If zinis result car -3 -
generalize to other types of human motion, then movements whicn

incorvorate ackiive musculature would cest oo modeled using =MT ~z1z20-
3ata and the AT3 Tracram, Cur nra

astimation 2f maximal muscle forc2es and mdscle 3c-achmens =cinss Ta o

18

reasonably accurate. Further, models of high acceleraticn sizuatisng
such as hign verformance aircraft ejections orobablyv involve =he

pretensing of musculature which can affect the resulting motinn., 3Ac

or

which involve oretensing musculature could e analvzed with

W

(93}
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electromycgraphy; then :the data cculd e incorvorated inko human ~otion
modeling efforts.

-~ -

Z. A second raccmrencacicn 13 that T0r2 &Crk 13 neede

[$))

Co o Lrorove
the ATB model. We are submitting a mini-grant procosal wnich will
involve the collection of data in three areas: 1) 3-dimensicnal
Xinematics, 2) electromyography, and 3) force output measures. The maisr
curvose of this work will be to integrate these measur=s during 2lzcw

Il=2xion and extension motions., This will te accomplished bv r=accrdin

V9]

[o]]

2lbow force measures and electromyograms of selected uctcer arm zan
Sor=arm muscles coincident with the measursmen:t <% I-3irenzisnal
<inematics using a Watsmart analysis system.

3. A final reccmmendation is made for more work in the area of ATS
nccdel validation, This may be accomplished bv comparing ATR énd AT2MIS
simulations with experimentally measured (3-dimensional) motion. In a
similar fashion to our present work, a point on the body mav ze Zxrced
tnrough a motion, and the other ooints can ce made - folltw z7i3
crascribed czoint during a simulaticn, Wnat is neecdecd 372 accurizz

3-dimensional experimental data for complex auman Tcnii~s, Thar -

o
O
(9]
B
I
{(
1y
3

t

]

stops, joint characteristics may be isolated and varzizd to 3

aporoximate the experimentally collected data se=,

1
(o)}
)
—
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208z, Delk, 1 2 2 20,2 O 80.7 0.5 5.1
Infraspinatus 3 3 1 13.2 131.6 98.7 13,7 533
Teres Mincr p 2 3 25.9 34.5 8.6 3.3 l3s
Supraspinatus 3 b 54,4 72.6 7.3 T2 Tl

Subscapularis 9 J 0 32,7 217.8 21.8 21,3 Zi7.3

Lat, Dorsi 0 3 J 3 227,7 22,7 227.7 °

vl

J

»
<
nN)
9 ¢]
=
-
o
.
w
p—
w
wm
L]

Biceps ) 3 3

Triceps p 3J J 3 350.5 381 331

2ron, Tera3 ) : 2 2 y 0 33,

w
b
B

Nrist *lax, 0 2 0 0 0 0 100.0 2
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) ) s e mmt s . - ~ e
Linear Jorralation Crefficients for Critscion

Data and Simulations Throw 1, Throw 2, and Torcue .

Throw 1 Throw 2 Torqgue 1

Right Wrist

¥ Y Z ‘ X Y Z ' X Y -
479 963 921 .51  .888 .85 .34  -.237 7L

Right Zlbow

(e

X Y - 7 X e z X e

437 .931 .840 | .395 .662 .3C0 .988 ~-.131 .972

S U S

Right Shoulder :

X k4 z X Y Z X b4

(@]

372 .548 667 .289 .421 .>47 990 728 .997

Pearson r values for x,v,2 ccordinates -Critical value ,497 < .35

.

one-tailed test of significance
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Figure 2. Throw 1 motion simulation based on the prescribed #3

metacarpalphalangeal joint motion of the right hand.
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FIELDS OF A SLOT ANTENNA ON A HALF-SPACE FED BY COPLANAR WAVEGUIDE

USING THE METHOD OF MOMENTS

by

Donald F. Hanson

ABSTRACT

This report describes the results of my summer's work at Hanscom AFB
with Dr. Robert J. Mailloux's group, RADC/EEA. There is a need to
determine the quality of a slot antenna system when the antenna is fed
by coplanar waveguide. Therefore, the objective of the work is to model
a coplanar waveguide-fed slot antenna. The method of moments is used to
obtain numerical results for this problem.

First, an integral equation for the problem is derived. Next, the
method of moments 1is applied to the integral equation, resulting in a
1643 line program SLTANT. Finally, the magnetic current, the input

impedance, and antenna patterns are found. Data for one case are shown,
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I. INTRODUCTION

I received my Ph.D.E.E. degree from the [niversity of Illinois
in electromagnetics with a minor in mathematics. Since then, I have
been employed by the University of Mississippi, where I am now
Associate Professor. For my Ph.D. dissertation, I solved one prob-
lem using the method of moments and since then have lectured at two
University of Mississippi short courses entitled, "Fundamentals of
Numerical Solution Methods in Electromagnetics” which covered the
method of moments.

The research problem at the Air Force Geophysics Laboratory
(RADC/EEA) was to investigate the radiation properties of a slot
antenna fed by coplanar waveguide. Such a problem is a perfect
application for the method of moments. Therefore, a match existed

between myself and the RADC/EEA Air Force Laboratory.

II. OBJECTIVES OF THE RESEARCH EFFORT

The overall objective of the project was to determine design data
for slot antennas on a half-space fed by coplanar waveguide (CPW).
This is needed in order to determine the feasibility of using CPW
to feed slot antennas on integrated circuit phased array antenna
systems. Several questions to be examined are the radiation from the
CPW feed line. How much pattern distortion results from the feed
line? Finally, the field in the slot needs to be found so input
impedance and radiation patterns can be determined.

At the beginning of the summer, the following "Summer Research

Goals and Objectives” were stated:

57-3
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This would involve

(1) Determination of radiation from CPW alone.
investigating the dynamic behavior of CPW as a transmission line. 1In a
report from last summer [l], this writer has already obtained quasi-TEM
3 results for CPW. These results should be investigated to see if they
provide sufficiently accurate results for radiation properties.

(2) Model CPW-fed slots both separately and in infinite phased

arrays. First, design data (currents, fields, input impedance, radiation

patterns) for modeling a single slot antenna fed by CPW over a dielectric
half-space (GaAs) with € = 12.8 will be obtained. Second, the same
data will be obtained for modeling CPW-fed slots in infinite phased
arrays. A dielectric half-space will again be used. i
Objective (1) requires more data since only one test case was
completed. For the one case studied so far, it can be said that
the CPW itself radiates much less than the slot but that the lossless - —!;
transmission line equations appear to be unsatisfactory. It also appears
that the quasi-static TEM results for CPW are within 100% of the moment
method results. More cases need to be studied to verify these ideas from |i
objective (1) more conclusively.
A 1643 line computer program was completed which models part one
of objective (2) and can be used for objective (1). The outputs of this
program are magnetic current (or E field), input impedance, and J
radiation patterns. The second part of objective (2) was not started
because learning the AFGL computer systems and writing the program

took more time than anticipated.




III. FORMULATIONS

Two approaches, both using the method of moments, were examined.
Figure 1 shows the situation to be solved. The slot antenna is in
a conductor coating a dielectric half space of ey =12.8 for z<0.

The conductor with slot antenna is in the z=0 plane. Free space
exists for z>0. The feed point is shown at (x,y,z)=(0,0,0).

The first approach involved assuming the component of current
transverse to the slot direction was small compared to the longi-
tudinal component and taking the transverse variatiom of the longi-
tudinal current to be that of the quasi-static case. The second
approach, the general approach, assumed little and solved for both
longitudinal and transverse components of current. No assumptions
about the transverse behavior of the longitudinal component were
made.

In another report(l], this writer determined the quasi-static mag-
netic current in the infinite case to be

b 49 sgn(x) ~
R (0

ﬁs = FA
k' K'(a/b)  /[(x>-a2)(b2~x2)]

The first approach would therefore use a 1//[(x2 - a2 )(b2 - x2 )]
behavior transverse to the slot direction and an unknown (to be found)

longitudinal behavior. The kernel for such a case was found to be of the

form
. ~fk My-y") 24z 2+4(b/2)2 s1n2(5/2)
1 1 e
— ds  (2)
Y2 b Jcos  ~ cos §
2sin~1(a/b) /QY‘Y')2+22+4(b/2)2 sin(5/2)
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Figure 1. Slot Antenna Fed by CPW
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where = 2 sin-l(a/b). This first approach was not chosen for use
because too many assumptions about the form of the solution had to be
made a priori. Therefore, the general approach was used here.

Instead of assuming longitudinal current flow, unknowns were taken
in both the possible magnetic current directions, x and y. Both current
components were solved for [2]. The dimensions for the program are shown
in Figure 2. Three integers in y, Ny, No, and N4 and four integers in
X, Mj, Mo, M3, and M4, partially describe the expansion functions. The
A's shown in Figure 2 are given by

aw = w/(Np + 1)

AL = 2/(Nz + 1)

Ac = ¢/(N3 + 1)

(3)

ahy = hy/(M; + 1)

Ahg = hy/(My + 1)

A(b=a) = (b-a)/(M3 + 1)

A2b = 2b/ (M4 + 1)

Note that this allows for off-center feeds.

Different expansion domains are taken for the x and y cases. This
is because the magnetic current ﬁs is zero for ﬁs normal to the edge.

For gs parallel to the edge, the magnetic current 1is singular as 5-1/2
away from the edge. The expansion domains are shown in Figure 3.

There are three ways of numbering the domains. First, there is
continuous numbering. For the example shown, this is from 1 to 60 for
the y case and from 61 to 117 for the x case. This numbering starts
with the y case and proceeds from left to right. The five individual
larger rectangular regions are also numbered together with the four
regions present in the y case to insure continuity of the magnetic
current. These are numbered in two ways. First, from 1 to 14 and

second, from (1) to (8). The first numbers are shown and the second

are given in parenthesis in Figure 3. For example, regions 2 and 3
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Figure 2. Dimensions of Slot Antenna
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13(%) (4()
39 11¢)) 12(7)
10(6)
el ’X
x-directed expansion domains
3(S) K 9(s)
&0
L&) 5(3)
2(2) 3l 33(2)
O
~x
y-directed expansion domains
Figure 3. The magnetic current expansion domains for the general

case.
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are contained in (2). For regions 1, 4, 5, 8, and 9 in the y case,

n=1,2,3, ..., N iny
(4
m=1, 2, 3, ..., M+l in x
For regions 10, 11, 12, 13, and 14 in the x case,
n=1,2, 3, ..., N+l in y
(3)
m=1, 2, 3, «ve, M in x.

This numbering allows for a half pulse of zero value on the edges where
the magnetic current is normal to the edge. Therefore, any particular
square can be identified by [region#, m, n]. Table I shows this in
detail. Several mapping functions are used in the computer program.
These are given in Figure 4., MAPBGN maps from parenthesized numbers
to ordinary numbers and MUNSEG is the inverse mapping. MAP12 gives
the number of rectangles (1 or 2) in each parenthesized number zone.
MAPOFF is useful to convert a 10 through 14 series to an equivalent
1 through 9 number.
Regions 2, 3, 6, and 7 are special regions present for continuity
of the magnetic current. For these four regions, the integer Mj is ) j‘
input so that
A5 = (b=a)/ (M5 + 1) (6)
Therefore, m goes from 1 to Mg+l while n is always 1 for regions 2,3,6, ’ !i
and 7. T

IV. INTEGRAL EQUATION

The integral equation is derived by shorting the slot and covering

: ..

the slot with an equivalent magnetic current Mg on both sides of the

conducting sheet in the z=0 plane. Applying image theory to this

effectively doubles the magnetic currents which now reside in homo-

> > > >
geneous space. These currents are Mj = -2 Mg and Mg = 2 Mg. Regions
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TABLE I.

REGION

1

10

11

12

13

14

M4+1

Mg+l

Ms+1

M3+l

M3+l

M5+l

Mg+1

Mp+l1

Mp+1

M3

M3

Unknowns in Each Region

57-1
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MAPBGN(I) = I+I - (I+6)/8 -1/7 -1
MAP12(I) = (I+3)/5 - (1+3)/9 + 1
MUNSEG(I) = (I + 2 + (I/10))/2
MAPOFF(I) = I + 2*( (I)/2 )

(1) MAPBGN( (1)) MAP12((1))

@) 1 1

(2) 2 2

(3) 4 2

(4) 6 2

(5) 8 2

(6) 10 1

(N | 11 2

(8) 13 2

1 MUNSEG(I) MAPOFF (I-9)

1 ¢))

2 (2)

3 (2)

4 (3) .
5 (3) L
6 (4)

7 (4)

8 (5)

9 (5)

10 (6) 1

11 (7 4 )
12 (7 5 4
13 (8) 8 ¥
14 (8) 9

Figure 4. Useful Mappings
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0 and 1 are identified as free space and dielectric, respectively.
One obtains

= TIwfp T Vig
)
and
*g >
Hy = —JuFy = Wy
>
where F and y are the vector and scalar potentials, respectively.

free space, one obtains

-jkgR
> > e
Fg = €0 ff Mo -= d4s°
4qR
~jkgR
1 e
vo = —— ff mg —-——-===d$§’ (3a)
i) 4R
where
-1 .
my = — VMo
jo

Similarly, for the dielectric case, one obtains

-jkiR
> > €
FI = e [[ ¥ ———ds'
4uR
1 e
o == [ m = a5 (8v)
" 47R
where
-1 .
m === VM
Jw

Assuming H{(incident) = (0, one finds
t, ys i
HO H0+ Ho

(9
t ]
Hy= Hy
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EY
The integral equation can be found by enforcing tangential t (total)
to be continuous through the slot

A Nt
lim ZXHO = 1im ZXH1 through Sa (aperture) (10)
z40 z40

This results in the coupled integral equation

1 1
2{jue1Fg1x + JwegFg0x = — dpg1/0x - dygo/ox | =
Jwuy Jjwuo (11a)
lla
= %l 14 siot
X
1 1
2{juwe1Fg1y + JueoFsoy ~ 3vg1/3y = === 3yg0/3y } =
Jwug Jjwuo (11b)
11b
= HSCi in slot
y
where
> +
Fg1 = [[ Mg G(kjR)dS'
> >
Fgo = ff Mg G(kgR)dS'
(12)
>
bs1 = [f velg GlkpR)S'
EY
ys0 = [[ VMg G(koR)dS'
and -jkR
e
G(kR) = (13)

The Moment Method Approach

The current was expanded in the following manner:
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T .

3
b
!
.
E
r:

Y n=1 m=l Yoo o
Mg+l
2 .2 3 3
+mzl(Mm1 Aa1 + Mgy Agy)
No M3+].4 4 5 s
+7 T Mgy A (D) + M2 A (1)) (l4a)
n=]l wm=l
Mg+]
6 .6 7 7
YL Ay My Ay )
N M+l o Matly
10 ] Mgy M@+ T M)
o=l o= m=1
Vs M 10 10
M= T 1 Mgn App(®)
n=]l m=]
Nyl M
3 Tl ALl 4oul2 \1200 ) (qap
n=]1 m=1
N+l M My
+7 C 7 M3 By 4y u‘}é,\éﬁ(r))
n=] m=] m=1
where
A-:;n = A;(X) n:;_l/z(Y) i =10, 11, , 14
(15)
N ™ "m-1/2(") A () i=1, 2, , 9
Note that
J
M-y /9(2) = . AR (16)
0 otherwise
and
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- — ] j
1 3 ] z31 <z (K zy
21 T %i-1
N(z) = z -z} 5 ;an
1l - 3 j zy <z (< zZi4
Zi+1” %1
0 otherwise

The x4 and X{-1/2 terms are shown in Figure 2. The superscript denotes

the region number. This current expansion is convenient for determining

+ My My
YeMg = === + —= (18)
ax 3y

The testing paths were chosen to be
thixy) = stx = xL ) ey 1=1,2 ..., 9
i 1 1 (19)

The tested integral equation can be shown to be

1 1,1 1 1y,.1
wey Fory(mm1/2:Y0) 87" + weg Fopo (xp /9,y )ay" +

. NG DTS T SR RS B
Ys1 ¥p-1/29Yn+1/2 Yg1 Xp-1/22Y0=1/2
wy]

1
w0 s0 ' m-1/2°"nt1/2 80\ "m=1/2""n-1/2
w N

(20a)

i = 1, 2, se ey 9
m = 1, 2’ es ey Mi+l

n=1, 2, seny Ni i ﬁ
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¥

oS« N x =  w

i 1 i i 1 i
we) Fgyu(XppYpa1/2) 0% + wegFgox (XpsVp-172)8%" +

i 1 i i
+ = {g1Cpr1/29Y0-1/2) ~ ¥s1Fpe1/22Y0-1/20}1 *
wHl

i i i i _
+ - {wso(xm+1/2’ynrl/2) - wso(xm-l/Z’yn-l/Z)} =
wuo
(20b)

1
i i
= — g, ype1/0) 8%
23
1 =10, 11, 12, 13, 14
m = 1, 2, ooy Mi

n= 1, 2, srey Ni + 1

After applying the expansion functions to the tested equation, and
approximating the triangle functions, where possible, by pulses, one

obtains the result

9 N +1 14 Ns+1 M
i} J ij j i
) Am +1 Y Bon,pq Mpg = B
ju1 q=1 pe=l »Pq MPQ §=10 q=1 p=1 »Pd Pq yun
(21a)
for 1 = 1, 2’ ee 0y 9, m = 1, 2, soey Mi+1, n= 1, 2, s s ey Ni;
and
9 N My+1 14 Ns+1 M
1] 3 313 ] i
) Zj Zj c + 7 yj i Moq = Bemn
j=1 q=l p=l mn, pq MPQ §=10 q;l p;l mn,pq Ppq >
(21b)

for £ = 10, 11, 12, 13, 14, m=1, 2, ..., My, n=1, 2, ..., Ny*+l.

The following expressions hold for A, B, C, and D:
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For i=1, 2, +oey 9and j =1, 2, ..., 9, one obtains
1j - i _Ji j 1 1
Amn,pq msl(yn+1/2 yn—1/2) ¢p,q+1/2(k1|xmrl/2’yn)

1 1 i i 1
+ wegni1/2 = Yn-1/2) %, q+1/20l*p=1/27 Y)

i 1 i i
_i_ [ ¢gq(k1|xmr1/2’ yn+1/2) - °gq(k1|xm_1/2, yn—l/Z)

“H 7 " Va-t
1 1 j 1 1
_ o) 1 G lxn /20T m1/2) = % qe1 (k11 Xa1/20Y0-1/2)
R
-y
al e (22a)
] i i _ .3 i i
. ( %5q 0/ Xu-1/2> Yar1/2) = %qo0l*m-1/22 Yn-1/2)
wg vl -yl

j i 1 g 1 1
95, q+1 Kol Xn-1/2:Y0+1/2) = 9, q+1 %ol Xg-1/2Yn-1/2)

Yo+ = 74 . i

Similarly, for 1 = 1, 2, ..., 9 and § = 10, 11, 12, 13, 14, one obtains

R i i = 4] i i
ij _}_ °Pq(k]-lxl!!'l/Z’ yn+1/2) (ppq(kl'xm-l/z, yn_l/z) L J
mn, pq { j _ j

“H *p T *p-1

1 1 L 1
°g+1,q(k1|xur1/2’yn+1/z) - °§+1,q<k1|xm-1/z’yn-1/z>

K -9
p+l ~ %p (22b)
i i i i
+ L { ¢gq(k0|xm-1/2’ Yor1/2) ~ ¢Ijaq(kolxm-l/z’ Yn-1/2)
wig 5 - T -

i i i i
°g+l,q(k0|xm—l/2’yn+l/2) - ¢g+1,q(ko|xm-1/2'yn-1/z) }

o, -

ptl P
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For i = 10, 11, 12, 13, 14, and j =1, 2, ..., 9, one obtains

i3
Can, pq

i i i i
L ( gyl xgy1 /20 Ya172) = 9q®ilxgy/20 Yoo1/2)

wuy Ygl = Yg_l

j 1 i 3 1 1
95 q+1k 1 Zm1/29Y0-1/2) = % qr1®11%p-1/25¥n-1/2)

Yﬂwl - yi

1 1 { 1
1 { °gq(ko|xm+1/z’ Yo-1/2) = ¢gq(ko|xm-1/2' Yo-1/2)

wuo . Yg = Yg-l

1 1 1 i
¢%.q+1(ko|xm+1/2'yn—1/z) - ¢g,q+1(ko|xm-1/2’yn-1/2>

Terl = 7q

Finally, for i = 10, 11, 12, 13, 14, and j = 10, 11, 12, 13, 14, one

obtains

13 1 1 i 11
Dzn,pq = 961 %me1/2 = Xm-1/2) ¥p+1/2,q€ 1 Xmo V01720 +

1 1 3 {1
+ weg(Xpe1/2 = Xpe1/2) %p41/2,qK0|XmeYn-1/2) *

1

i i i i
{°gq(k1|xm+1/z' Ta=1/2) = 9a®1l%a1/20 Ya-1/2)

S

wul
j 1 1 O 1 1
. °p+1,q(kllxm+l/2’yn-1/2) ¢p+l,q(k1'xm—1/2’yn-l/2)

ERpE

p+l

1 1 1 {
1 ( °gq(kofxm+1/2’ Ya-1/2) = ¢%q<kolxm-1/z. Yn-1/2)

Wi xg - xg_l

j 1 1 1 1
%o+1,q %0l Xur1/2>Y0-1/2) = °g+1,q(ko|xm-1/2'yn-1/2)

R
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The potential function common to the A, B, C, and D terms is
J i i -
épq(kalxm-1/2’ Yn-1/2) =

1 3 1 3 » 2, .2

Xn-1/2 = *p Ya-1/2 = Yq . ]ka/(x + y9)

=] f dy dx (23)
. ; . ; b/ (x2 + y2

Xn-1/2 = *p-1 Ya-1/2 ~ Yg-1

This is related to an incomplete cylindrical function [3] and has been
studied by Harvard University's Computation Laboratory [4]. Since the
integral is singular, the singular part was evaluated analytically

and the non-singular part was evaluated by numerical integratiom.

Adding and subtracting identical terms, one obtains

-3k /(x% + y?)

e cos k/(x% + 38 = (1 = K2/ (xPyD) H2/2)
bn/(x2 + y2) bnd (x24y2)
(24)
sin k/(x*y?) 1 - KEvGPeD )
-j +
bmd (x24y2) b/ (x+y2)

The last term was integrated analytically. The other terms were integrated
numerically using double integration with 4th order Gaussian Quadrature.

The analytic integration becomes
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(ky/(xP+y?) )2

7 : a
dx =
2,2 Y
X, Y, Guy(x4+y°)
2.2
1 kix
= — [x,(1- 22)[any, + V(xityd)=maly, + V(xZty2))
4q 12
2.2
kTx
+ %, (1 = =22 ) lan(y, + /(x24y2)) = nlyy + /(v
12
2.2
ky
Foyp (= 22 ) [anlx, + V(x24yD) - aalx, + /(xPHyN)]
b 12 b b ’b a a ’b
2.2
ky
+ 3,01 = =2 ) lanlx, + /(x2+yD) - aalx, + /(x+y2)]
12
2 2
k_ X,y kTx.y
b’b b
- 222 k) + 222 vy
6 6
2 2
k Xpy kox y
+ -32--‘3 /(x2ey?) - —323--3- Yyl )

The expressions for ¢ were evaluated for all i, j, p, q, m, and n and
stored in two matrices, one for ky and the other for k;. The matrix
elements A, B, C, and D were obtained from them by proper manipulation
of the matrices. This is estimated to cut the matrix element evaluation
time by 6. The storage requirement more than doubled, however, to

achieve the time savings.
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The right—hand side is taken to be zero everywhere except in the feed -
region where it is taken to be 1/2j. Thus, H:Ci(x;,yi_l/z)Axi =1
over this region.
V. RESULTS
The results for the one special test case of Figure 3 are shown next.
The input impedance for this case is found to be
Zin = 83.2 -j 52,27 @ (26) |

The real and imaginary parts of the magnetic currents are shown in

Figure 5. The flow around the obstacle is as expected.

The pattern functions were determined to be ; q#
|Eg| =2k, |f:(e,90°)l 6 = 90, 270° B
|E2| =2k, [cos g If;(e,90°)| 6 =90, 270° -
|z§| =2k, If;(e,o°)| ¢ =0,180° o
|E§] = 2 k, Jcos o] |f:(e,0°)| ¢ =0, 180° —9
where
jk x'sing ‘
fi(e,0°) = [f Mg, (x',y") e dx'dy’ ‘”“j‘
a jkay'sing
fx(e,90°) = [f Msx(x',y') e dx'dy" q
(28)
a jkax'sing
fy(6,0°) = [f Msy(x',y') e dx'dy’ 4
a jkay'sing :
fy(e,90°) = [f Msy(x',y') e dx'dy"
The pattern plots are shown in Figure 6. - !
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VI. RECOMMENDATIONS

The computer program was finished at the end of the research
period. This left little time for analysis of run data. Therefore,
runs using the computer program need to be made and the resulting
data analyzed. Secondly, since time didn't permit starting the
computer program for the phased array case, it is recommended that

the computer program for this case be started next.
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Effect of Low Frequency Vibration on

Bone Remodelling in the Rhesus Os Calcis

by

Gerald F. Harris

ABSTRACT

The naturally occurring phenomena of bone growth, modelling and re-
modelling were first studied through a review of current literature.
This was followed by a review of recent studies of hypogravic ex-
posure and vibration. The anatomy of the Rhesus Os Calcis was then
reviewed, and a series of dissections performed to better understand
the structure and load transmission characteristics. The vibration
protocol used in treating the study animals was then thoroughly re-
viewed. Control and vibrated Os Calces were then extracted from 6
vibrated and 2 control animals. The specimens were embedded in methyl
methacrylate, cut, sanded, stained, and mounted on slides. Histo~
morphometric data including static and dynamic remodelling parameters
was obtained. Further work needs to be done in computing the stereol-

ogy parameters and in completing a statistical analysis of the results.
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1I.

Introduction

I received my Ph.D, from Marquette University, Milwaukee,
Wisconsin., My studies there concentrated on instrumented methods
for the evaluation of children with Cerebral Palsy. Upon gradua-
tion I took a position as a Biomedical Engineer at Shriners
Hospital for Crippled Children, Chicago Unit., At Shriners I have
continued to develop instrumented methods for evaluating spasticity
and hypertonicity. I have also done work in gait analysis, motor
control, and orthopaedic biomechanics.,

The opportunity provided at the Harry G. Armstrong Aero-
space Medical Research Laboratories was one to study bone and the
phenomenon of bone remodelling. My direct objectives were to gain
a better understanding of bone for orthopaedic applications, and
to investigate the potential for remodelling projects in Spinal
Cord Injury patients.

The work performed addresses the fundamental issue of trying
to define basic vibration parameters necessary for stimulation of
bone remodelling in a primate. My effort focuses on an analysis
of the Os Calcis and is part of a much larger and ongoing study
sponsored by the Biodynamics Branch (AAMRL/BBD).

Objectives of the Research Effort

A. The overall objective of the bone remodelling research
project is to investigate the effects of low frequency vibration
and mechanical stress on lower appendage bone remodelling in a
primate model, The amount and distribution of cross-sectional bone
formation and resorption is being measured for each of 3 loading
frequencies at various skeletal positions. The state of stress in
the lower legs will then be correlated with observed bone changes.
The experimental protocol is structured to investigate the exist-
ence of an effective frequency/stress '"window" for producing
significant bone remodelling.

My specific objectives were:

l. To review the existing literature on bone growth, modelling
and remodelling including normal physiology, hypogravic ex-

posure, and vibration.
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2. To define the normal anatomy, architecture and geometry of
the Rhesus us Calcis.

3. To extract and prepare for histomorphometric analvsis Os Calces
from the 8 animals used in the study.

4. To perform a histomorphometric analysis of the Os Calcis sec-
tions focused upon defining static and dynamic changes in tra-

becular architecture se~ondary to vibration.

B. A second major objective of my studies which was added
after I began was to review work done in defining foot-to-floor
contact forces during human gait.

My specific objectives were:

1. To review the.existing literature on instrumentation and
analysis of multiple point foot-to-floor contact forces dur-
ing human gait.

2. To design an acceptable method for validating a force dosi-
meter ("bionic boot") currently under construction for the

BBD Laboratory.

II1. Bone Review
To gain a better understanding of bone (physiology, histomorpho-
metry, growth, modelling, remodelling, hypogravic exposure, vibra-

tion, etc.) 2 literature investigations were performed. The first

was initiated at Shriners prior to my arrival, and the second
while at the BBD Laboratory. In total over 65 articles were iden-
tified and reviewed.

High points in these reviews included the theory of bone re-
modelling, minimum effective strain (MES), measurement of mechani- L‘.ﬁ_!i
cal impedance, effects of hypogravic exposure, and studies of vi-
bration (2-13).

The necessary foundation for preparing specimens and perform-

ing the histomorphometry was also established through the litera- '#

ture review and contact with BBD Laboratory personnel,

Iv. Anatomx

The anatomical review concentrated on the Os Calcis and its

articulations. Two dissections of Rhesus feet were also performed. v

i

The Os Calcis, Calcaneus gr heel bone is the largest of the
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tarsals. It has 3 dorsal surface articulations with the talus and
a distal (anterior) articulation with the cuboid. The sustentacu-
lum tali projects from the junction of the dorsal and medial cal-
caneal surfaces, while the calcaneal tuberosity projects at the
proximal end. The talus also articulates with the navicular which
lies between the talus and cuneiforms.

The talocalcaneal joint structurally consists of three joints,
one proximal and two distal, The proximal is between the bodies
of the two bones while the two distal involve the neck and head
of the talus, the body and sustentaculum of the calcaneus, and a
fibrocartilage which fills the interspace between the sustentacu-
lum tali and navicular. There are medial and dorsal ligaments as
well (1).

Although the precise load transmission pathway between cal-
caneus, navicular and talus can't be established from anatomical
observation alone, several assumptions can be made. Load acting
vertically down through the tibia is transmitted to the talus and
then to the 3 articulations of the Os Calcis and 1 articulation
with the navicular. The Os Calcis articular structure would sug-
gest that the greatest proportion of the vertical load is dis-
tributed to the Os Calcis,

Lateral sections of the talus-Os Calcis bones were utilized in
this study. These lateral sections extended medially to a mid-
sagittal plane, The 3 suspected load bearing areas of the Os Cal-
cis are depicted in Figure 1, along with the name of the articu-
lation with the talus which produces that load concentration.

Loads are also borne by the distal or bottom portion of the Os

Distal-Anterior

Articulatien\‘g

P imal Articulati
Distal-Medial v roximal Articulation

Articulatyjon

~

)Eo_smr_

Floor Contact
Forces

Anterior

X X [ T

FIGURE 1. Os Calcis Forces.
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Calcis,

The trabecular structure of the Os Calcis is depicted in Fig-
ure 2. A combination of load-transmission pathways and trabecu-
lar architecture was utilized in selecting the 4 areas noted for

histomorphometric analysis.

Trabecular Arcades

FIGURE 2. Os Calcis Analysis Areas.

Specimen Preparation

Specimens were extracted from frozen feet of the 8 vibrated
and control animals used in the study. The talus-Os Calcis articu-
lation was kept intact. A plastic embedding procedure was em-
ployed. Specimens were dehydrated in 70% and 100%Z ethyl alcohol
for 3 days. They were then pre-stained for 7 days in Osteochrome
Villanueva bone stain under vacuum. The embedding procedure was
initiated with a 50:50 solution of ethyl alcohol and methyl meth-
acrylate monomer. Specimens were then placed in a thin monomer
solution for 3 days with changes each day. They were then placed
in a thick monomer solution for 7 days under house vacuum. Poly-
merization was confirmed, and then the specimens were placed over-
night in a 35 Deg. C oven followed by a 2 hour exposure in a 60
Deg. C oven. The embedded specimens were then refrigerated over-
night and the containers broken to remove the blocks. [Thin mon-
cmer: 1 gm benzoyl peroxide to 100 ml inhibited methyl methacry-
late mcnomer. Thick monomer: 2 gm benzoyl peroxide, 40 gm poly-
methyl methacrylate beads, to 100 ml inhibited monomer.]

The thin embedded specimens were then epoxied to small pieces
of wood for mounting into the saw jig. All medial specimen faces
were ground flat prior to cutting. Thirty-eight sections were cut.
Typically the first cut was quite thick to insure the integrity
of the mid-sagittal section (350-450 um). Subsequent sections
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VI.

averaged 150 um in thickness. The best mid-sagittal sections from
each specimen were then hand sanded (280 and 400 grit wet/dry
paper) to a thickness of 6-9 um.

The sanded sections were then stained in Osteochrome Villa-
nueva bone stain for 48 hours. After staining the sections were
cleaned in tap water, lightly sanded (600 grit wet/dry paper),
washed and rinsed with distilled water, differentiated in a 0.01%

glacial acetic acid methanol (95%) solution for 15 minutes, and de-

hydrated in 957 and 100% ethyl alcohol. Sections were mounted on

slides with cover slips using Euparal,

Histomorphometry

A histomorphometric analysis was initiated for the 4 areas of

interest shown in Fig. 2 for the following static parameters:

« Volumetric bone density (vv)
. Surface bone density (sv)
. Mean diameter (DQ)
« Mean Volume (VQ)
« Mean Surface (sQ)

These parameters were obtained for mineralized bone, osteoid, and
resorption spaces. The number of resorption spaces per field was
also tabulated. A total of 720 fields were analyzed in this por-
tion of the study.

The dynamic analysis included an inspection of tetracycline
double label over the entire surface of each section. Measure-
ments included trabecular area, area of osteoid, distance be-
tween labels at multiple points, and length of double label,

Although time did not permit an analysis of the stereology
parameters, they will be recomputed from the existing data. The
selected parameters for future analysis are:

« Volumetric density of bone )

. Surface density of bone (sV)

. Mean trabecular diameter (D-TRAB)

o Volumetric density of osteoid (V-VOS)

. 7% trabecular surface covered by osteoid (0S)
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. Relative volumetric density of ostecid (VVo)

« % of trabecular surface exhibiting Howship's lacunae (OR)
. Mean distance between double labels (MD-D)
. Fraction of trabecular surface exhibiting double
labels (LAB-TS)
. Appositional rate per year (AR/Y)

Force Dosimeter

Current literature has been reviewed concerning the measure-
ment of foot-to-floor contact forces during gait. Based upon this
review and discussions with Dr. L. Kazarian (AAMRL/BBD) plans have
been made to devise a mini-grant proposal for validating the force
dosimeter ("bionic boot'") output against that of a known standard
(AMTI strain gage force plate). The protocol will include an
assessment of the static and dynamic measurement characteristics
of the isolated dosimeter as well as an analysis of force-time
curves and frequency content of gait forces during heel strike,
stance and toe-off. A correlation between force plate and dosi-
meter characteristics will be made. Power spectral analyses of
gait forces from the dosimeter will be performed during a number
of normal subject trials. The frequency characteristics of ror-
mal gait and their relationship to the production of the mini-
mum effective strain needed for bone remodelling will be major

long-term objectives of these studies.

VIII.Recommendations

1. 1In preparing sections for histomorphometry the pre-stain tech-
nique with Osteochrome bone stain under vacuum prior to em-
bedding was ineffective. Sections should be stained after
embedding and sectioning/sanding is complete,

2, Sections once embedded can be epoxied to pieces of wood in
about 12 hours at room temperature. This will provide ade-
quate material for using the Isomet cutting saw without the
expense of a larger block of methacrylate,

3. A total of 38 sections were cut and sanded in this study, al-

though only 18 have been examined histomorphometrically. The
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5.

remaining 20 sections should also be evaluated for static

and dynamic parameters.

The technique of cutting frozen specimens to preserve the in-
tegrity of the joint articulation was successful and is re-
commended for future use.

The tetracycline label (5mg/Kg body weight administered on 2
successive days) was insufficient for marking the trabecular
bone of the Os Calcis. There are several cases where only 1
label is seen on an entire specimen. There is also increased
difficulty in confirming the presence of osteoid without label.
An increased dose is recommended for future use.

This was the first study in which the Videoplan 2 computer
system was used to study bone histomorphometry. There are

a number of '"bugs" in the system including difficulties in
separating individual field information by sample number,
stereological parameter definition/computation problems, and
limitations in statistical data handling capabilities. Further
study of the Videoplan capabilities is recommended with a
strong suggestion for in-house programming to correct at least
the field identification and stereology computation problems.
Provisions for communication between the Videoplan and other
on-site computers should also be considered. Because the
Videoplan allows access to data files through Fortran pro-
grams, it should be possible to construct a tailored bone
histomorphometry system capable of completing an entire analy-
sis through statistical evaluation.

A final analysis of the data gathered in this study should be
conducted. I will complete the transfer of Videoplan data to
a PDP 11/34A minicomputer. Stereological parameters will then
be computed from the raw data. A statistical analysis will be
conducted using standard packages. At the completion of this

work, the effects of low frequency vibration upon bone re-

modelling in the Os Calcis should be more clearly defined,
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Mental Rotation and Perspective-Taking Skills
In Pilots and Non-Pilots
by
Edward J. Haas
ABSTRACT
Spatial akills in pilotas and non-pilotas were compared using a
traditional mental rotation task, and a new task coabining mental
rotation and perspective-taking. In the traditional taak, asubjects had
to decide whether a rotated alphanumeric character appeared in 1its
conventicnal versaion, or a mirror image of the conventional version. In
the new task, subjects compared two views of a acene containing aircraft
and terrain, and had to decide whether an objective, "God’s eye view"
(GEV) containing two aircraft depicted the same or mirror veraion of the
scene as it would apear from the cockpit of the trailing aircraft.
Different GEVas showed the same scene froa various angles around and
above the flight paths of the aircraft. 1In general, response times
incressed as both the alphanumeric stimuli and cockpit views were
rotated away from upright. 1In the GEV task, reaponae times were fastest
when the perspective of the GEV was directly behind and above the
cockpit view aircraft, and increased as the perspective of the GEV was
increasingly to the side of and at the flight level of the cockpit view
aircraft. Furthermore, the data suggested that non-pilots make mental
novementa in elevation and aziauth independently, whereas pilots may be
able to combine both components of motion. This difference might be due

to pilota’ experience with three-dimensional movement and thought.
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I. Introduction

I received ay Ph.D. froa Rutgers University studying the process of
mental rotation in the cerebral hemispheres of the brain. In my current
appointaent at Franklin & Marshall College I am continuing this line of
research, inveatigating the cooperation of the two hemispheres in
carrying out mental rotation. Mental rotation is a cognitive akill that
appears to involve continuous, analog transforamstions of visual stimulus
representations.

The research problea I studied at the Air Force Human Resources
Laboratory concerned mental rotation and perspective-taking skills in
pilots and non-pilots. There were two general questiona examined.
First, mental rotation appears necessary for the discrimination of an
alphanumeric character froam its amirror version if the character |is
physically rotated through some angle. Would the spatial transforaation
skills applied to physically rotated scenes depicting terrain and
aircraft employ the procesa of mental rotation as well? Second, are
there differencea in the spatial tranaformation skills of subjects who
are pilota and those who have never flown an aircaft?

Although I had never before conducted research for the Air Force, I
have a atrong background in the astudy of bssic cognitive skills, in
particular mental rotation. Through private vendor positions with the
University of Dayton Research Institute and MacAulay-Brown, Inc., I have
also done extensive writing on the application of basic human factors
reaearch to probleas concerning pilot performance. One area of interest
to Dr. Elizabeth Martin at AFHRL was the rotational skills of pilots

involved in air-to-air combat. It was the combination of these factors

59-3




P
A e

that resulted in my study of mental rotation while appointed to the
Human Resources Lab.
II. Objectives of the Research Effort

The overall objective of investigating this type of cognitive
ability is teo gaih an understanding of the nature of the processes
involved in mental spatial transformations. The research I conducted at
AFHRL had three specific objectives:

1. A first investigation of the ability to mentally transfora an
objective, "God’s eye view” of a scene depicting terrain and aircraft
into a view of the same acene from the cockpit of one of the aircraft in
the scene.

2. To compare the processes involved in such tranaforamations to a
basic laboratory task suggesting that subjects mentally rotate stimulus
representations to upright orientation in order to diacrisinate
physically rotated alphanumeric characters from their nairror images.
Such mental rotation could involve a continuous transformation analogous
to a physical rotation. If so, then the time to make the discrimination
vill increase as the angle of the rotation increases.

3. To compare the tranaformation abilities of pilots to non-pilots
in both the baasic laboratory and "“God’s eye view" tasks. It is
plausible that the spatial abilities of pilots, particuarly military
pilots, will differ in asome way froa those of the "ordinary” subject.
The third objective of the atudy was to determine whether the apatial
abilities required by the mental rotation transformation taaks employed

here would differ between the two populations.
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IIT. Mental Rotation and Spatial Transforsmations

Cooper & Shepard (1973) required subjects to decide whether an
alphanumeric character was either the normal version of the figure, or
its mirror imege. The asubject’s task was complicated by the fact that
noat of the time the stimulus was rotated through some angle, and so did
not appear in its upright orientation. Cooper & Shepard found that the
time required to make the normal-mirror decision depended upon the angle
of rotation of the stimulus; the greater the disparity from upright, the
longer the response time (RT). Furtheraore, there was a satrong linear
component to the RT function, suggesting that subjecta were mentally
rotating the character back to upright at a constant rate in order to
nake their discriminationm.

Mental rotation is an example of a mental spatial transformation;
subjects mentally transfora a repreaentation of the stimulus to yield a
representation of the same stimulus in a different orientation. Such
“movement™ through nmental space hasa been studied with other tasks aas
well, with the result that RT is linearly related to the “distance" that
must be travelled. For example, Kosslyn, et al. (1978) had subjects
mentally move to various locations on the map of a desert island. He
found that the greater the distance "travelled" between two points, the
longer it took subjecta to make the move. The robustneaa of thias effect
of mental distance on RT is well documented (Cooper & Shepard, 1978).
IV. God’s Eye Views, Cockpit Views, and Perapective-Taking

The aircraft pilot has a particular view of the environment through
which he ia flying. Hia perapective 1is from the cockpit of his

aircraft. However, thisa ia only one of an infinite number of




perspectives. Aasume, for example, a situation involving two aircraft,
one pursuing the other, both flying over terrain. The view out the
cockpit of the trailing aircraft would include the tail of the lead
aircraft plua the terrain as it appeara froa this perspective. Consider

now a view of the same acene froa the rear of both aircraft, and froa an

angle above wing level of both ajrcraft. This is a more objective
perspective, since the vantage point is from neither aircraft. Such a
perspective is called a "God’s eye view" (GEV),

Being asked to envision the acene through which he is flying as {t
would appear from a GEV involves perspective-taking on the part of the
pilot. He must transform his perapective from inside his own aircraft
to some "other"™ point outside. Since this tranaformation is a mental
one, and involves "movement” through an environsental representation, it
is possible that the peraspective-taking involved in transforming a GEV
into & cockpit view is mediated by the same process involved in nmental
rotation and other analog transformationa. Moreover, it is possible
that it may be easier to translate between certain GEVa and a cockpit
view than other GEVs. For example, a view from directly behind the
pilot’s aircraft might be privileged relative to one off to the side,
because the viewing angle of the former is very similar to that of the
cockpit view. It would therefore require less of a transformation to
bring it into alignment with the cockpit view.

V. The Experiment

1. Subjects were eight volunteers from various divisiona at AFHRL,

Williams AFB. There were four pilots and four non-pilots. The pilots

had flown & variety of miasiona, including air-to-air, air-to-ground,
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anti-submarine, and formation flight. Three of the pilots had 3000-plus
flight hours; the remaining pilot had 600 flight hours.

2. Two types of stisuli were employed. The alphanumeric
characters 4, 7, R, F, were preasented in black on a white background.
They were chosen because they are bilaterally asymaetric and therefore
have =airror images that are diacriminable froa their normal versions.
The second type of atiauli were color acenes generated using the IRIS
graphica ayatem. GEVa depicted two aircraft and terrain. An F-16 was
shown pursuing an F-15, with the F-15 at approximately 450 angle off the
nose of the F-16. Half of the GEVs included terrain cues (e.q.,
mountaina), the other half showing simply green terrain and blue sky.
GEVs were generated from a variety of perapectives. They showed the
scene either from the asame elevation as the two aircraft (00 elevation)
or from above the level of the aircraft (159 elevation). Factorially
coabined with these two elevations were perapectives at various angles
off the tail (AOT) of the F-16 (400 and 209 off each wing, and directly
behind, or 09 AQT). These combinations produced a total of ten GEVs for
each acene. Cockpit viewa of the same scene depicted in the GEV showed
the sacene as it would appear from the cockpit of the F-16. Both the
GEVs and the cockpit views were bilaterally aaymmetric, and therefore
had discriminable mirror versaions.

3. The stimuli were presented on a Gerbranda G1178 3-field
projection tachistoscope. RT and reasponases were registered on a
Gerbranda G1271 digital millisecond clock and Gerbrands G1360 response
time apparatus.

4. Subjecta were inatructed that in boiu partas of Lhe experiaent
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they would be seeing stimuli that could be either the asame as a
“standard”, or its =airror version. The standard for alphanuaeric
characters was the normal appearance of the character, always presented
on the left saide of the test stimulus. The standard for the GEV task
was the GEV (presented on the left), and the teast satimulus was the
cockpit view (presented on the right). 1In that case, subjects were
instructed to decide if the scene depicted in the cockpit view was the
same or Rmirror image of the scene depicted in the GEV. Subjects were
instructed that most of the time the test stimulus would appear rotated
through some angle. They were also told to atresas accuracy of responae
over absolute speed.

The atimulus pairs on alphanumeric trials were presented for 3500
maec. Presentation time on GEV trials vasried, adjusted for individual
subjects to sllow time for accurate decisiona. However, presentation
time was never less than 5 sec nor greater than 8 sec, and the
proportion of +trials requiring the limit for a given subject was lesas
than 1X. There were a total of 48 alphanumeric trials and 240 GEV
trials. Stimuli were presented in two sessions of approximately 45 mins
each. Both sessions began with a block of 24 alphanumeric trials,
followed by 120 GEV trials.

VI. Results

All snalyasea were conducted on mean correct RTa, Figure 1 presents
an overall aummary of the data. It shows that in both the alphanumeric
task and the GEV taask RTa increased with increasing angular disparity
from upright up to 1809, then decreased again. This is consistent with

earlier work, and auggests that subjecta are mentally rotating the teat
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stimuli back to upright in whatever direction is necessary to achieve
the rotation in the shortest amount of time. The reader will note that
while the functions are formally similar for the two tasks, RTs in the
GEV task are generally elevated approximately 1700 masec above RTa in the
alphanuseric task.

Analysis of variance of the alphanumeric task data yielded a
significant effect of angle of rotation of the test stimulus, F(S, 30) =
22.45, MSe = 196045, p < .001. There was also a significant effect of
stimulus veraion (same vs. mirror), F(1l, 6) = 6.10, MSg = 119001, p <
.05, "Same" responses Yyielded a mean RT of 1345 msec, whereas
responding "mirror" yielded a mean RT of 1423 nmsec. There were no
significant differences between pilots and non-pilots in the
alphanumeric task.

Analyais of variance of the GEV task was conducted separately for
pilots and non-pilots. There was a significant effect of angle of
orientation of the cockpit view in both groups. For the pilots, F(5,
15) = 42.36, MSg = 902795, p < .001; for the non-pilots, F(S, 15 =
9.60, MSe = 2230957, p < .001. As in the alphanumeric task, as angle of
the test stimulus increased away from upright, RT increased. In both
groups, there was a significant main effect of GEV elevation. For the
pilots, F(1, 3) = 18.43, MSg = 2482388, p < .03; for the non-pilots,
F(1, 3) = 233.26, MSe = 388645, p < .001. For both groups, a GEV
elevation of 150 above flight level of the sircraft yielded faster RTs
than a GEV at the same elevation aa both aircraft. Finally, there waa
alao a significant effect of AOT in both groups. For the pilots, F(4,

12) = 3.98, MSe = 3426662, p < .03; for the non-pilots, F(4, 12) = 5.14,
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MSe = 3146174, p < .02. In general, for both groupa, as the AOT of the
F-16 increased either left or right of directly behind the aircraft, RTs
increased.

There were also differences between the pilots and non-pilots.
Some of the GEVs and cockpit views contained terrain cuea (e.g.,
nountainas) which in addition to aircraft position could have been used
te indicate same vs. mirror, whereas cothers contained simply blue aky
and unifora green terrain. For the pilots, this difference in scene had
no significant effect on RT. However, for the non-pilots, the presence
of terrain cues had a marginal effect on slowing RT, F(1, 3) = 6.39, MSe
= 1673068, p < .10. For the non-pilots, mean RT to a scene with terrain
cues wag over 200 maec slower than when no terrain cues were present.

The perspective of a particular GEV was a factorial combination of
elevation above flight level and AOT of the F-16 (traliling aircraft).
For the non-pilots, there was no interaction of these two factors,
indicating that the factors had independent effects on RT. However, in
the pilots, there was a aignificant interaction of elevation with AOT,
F(4, 12) = 4.46, MSe = 8695533, p < .02. These facts suggest a possible
difference in processing of the GEV information between the two
populations. If it were true that subjects deterained location of the
F-13 relative to the F-16 by taking the perspective of a pilot in the
F-16, then they tranaformed persapective between the GEV and the F-16
pilot’s perspective. To do ao, movement in both elevation and azimuth
was necessary. The independence of the elevation and AOT factors in
non-pilota auggeata that they nay perform these two rovements

independently, perhapa first changing elevation, then azimuth (or

59-10

-

i

;.




vice-versa). Likewise, the interaction of elevation and AOT in pilots
suggests that they may have combined both elevation and aziauth
information to take the perspective of the F-16 pilot. This |is
plausible, given the pilot’s greater experience with three-dimensional
novement and thought.
VII. Recommendations

1. Mission briefing i3 done in teras of GEVs, not in teras of what
the pilot will actually see from his cockpit. To minimize the tine
needed for the mental transformation between the GEV and the cockpit
view, it is best to employ a GEV in briefing with a small AGT of the
pilot’s aircaft, and somewhat elevated above flight level of the pilot’s
aircraft.

2. Comparison of the basic laboratory and GEV tasks suggests that
while both result in mental rotation, the GEV task adds a constant
arount of processing time at all angles of disparity of the cockpit view
from upright. It is possible that this added time is that required for
the processing of the GEV and a scene more complex than an alphanuaeric
stimulus, but that the time required for the actual rotation of the
cockpit view is very similar to that required in the basic 1lab task.
Follow-up research will address this question in two experiaments.
First, GEVs and cockpit views will be presented sequentially, instead of
simultaneously as in the present experiment. Subjects will be timed on
how long it takes to "understand™ the spatial relationship in the GEV,
and only then presented with the cockpit view for comparison, If the
hypothesis of a constant amount of time for GEV processing added to the

basic rotational proceas is correct, then the time to understand the
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spatial relationships in the GEV ought to approximate the difference -

_A.

between the GEV and basic laboratory tasks employed here (approximately
1700 msec). However, the stiauli employed in the GEV task are aore
coaplex than alphanumeric characters, possibly resulting in greater —
processing time. If stimuli could be designed so that the aircraft —__-
depicted were bilaterally asymmetric (e.g., F-16 with armament on one
wing discharged), the same-mirror decision could be made on the xmore
complex stimulus without the GEV component of the task. This would be a
more direct comparison with the alphanumeric task. These two
experiments would examine the nature of the time conatant elevating RTs
over those of the basic laboratory task in the current experiment.

3. The current experiment suggested that certain GEV perspectives

(e.g., elevation above flight level and small AOT) are privileged, in

that they vyield faster RTs than other GEV perspectives. This question
can be examined in a number of follow-up atudies. For example, since we
are forward-looking creatures, GEVs from small AOTs behind the pilot’s
aircraft are cirected along a line of sight very similar to the pilot’s
forward-looking cockpit view. What would happen if GEVs were used
depicting the scene from the front of both aircraft? If the GEV task is

perforaed using a perapective-taking atrategy, this would require a very

great change in perapective and ought to increase RTs dramatically. It
woutd also give f{further evidence on the question of privileged
perspectives for certain GEVa., A variation of this would be to use .
GEV-cockpit view combinations in which the pilot’s (subject’a) aircraft
ia the leading aircraft, inatead of the trailing aircaft as in the

current experiment. Performance in auch a ajtuation would posaibly ) L
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require additional perspective-taking transformations, as the cockpit
point of view would now be rearward instead of forward. Such an
experiaent also has practical implications, becsuse o¢i air-to-air

situationsa in which the pilot is being pursued.
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Figure 1 Caption

Mean correct response time as a function of angle of or:entat:on of

test stimulus in alphanumeric and God’s eye view (GEV) tasks.
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REVITALIZATION OF OPERATIONS AND CONTROLS FOR THE TURBINE ENGINE

TEST CELLS AT THE ARNOLD ENGINEERING DEVELOPMENT CENTER
by

Doyle E. Hasty
ABSTRACT
The Arnold Engineering Development Center was contracted by the Air
Force Systems Command to expedite and solve problems in the research,
development, and testing of the nation’s top priority aerospace systems. The
AEDC operates the world’s largest complex of aerospace flight simuiat:on test
facilities. As part of the facilities, the turbine engine test ceils have received
various modifications and adaptations over the last thirty y2ars to

accommodate the changing needs of technology.

The objectives of this research analysis were to specify, implement, and

evaluate the new operational methods and new automated control systems
to improve and modernize the turbine engine test cells. With th:s state-or-
the-art updating that is being provided the turbine engine test cells, these ‘
test facilities will continue to be an active part of aerospace system’s

evaluators well into the next century.
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I. INTRODUCTION

The turbine engine test cells at the Arnold Engineering Developmen®
Center have provided simulation flight testing over the past three decades
for many of the nation’s top priority aerospace programs. As these test
chambers begin their fourth decade of testing service, state-of-the-art
operational methods, and automated control systems are being specified,
implemented, and evaluated in two of these test faciiittes.” The author ras
had 15 years of experience in high-aititude aerospace testing and found this
research area very challenging and well matchea to nhis experience anrg
abilities.

Since the Wright Brothers constructed their wind tunnel in 1901, the
development and testing of aeronautical engines and systems have usually
preceded the improved flight of aerospace vehicles. 2 The turbine engine test
cells at AEDC will continue to play a role in the development and evaluation
of aeronautical engines and systems for decades to come if state-of-the-art
methods and automated control systems can be impiemen-ed into these
facilities.

The beginning of the turbine engine test cells actually took place asone of
many new technologies to grow out of World War i 0 shift the world’s
aeronautical effort away from the conventional aircrat of the time to high
subsonic, transonic, supersonic, and space flight.

The Germans had recognized the need for speciai facilities for propuision
development, and in 1944 they placed in operation the Bavarian Motor
Works (BMW) engine test plan to test turbojets and gas turbine engines.

Following the end of the war, the BMW plant was dismantled and shipped to
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the United States. Congress approved construction of the turbine engine test
cells in 1949; and during construction in the early 1950’s, the turbine engine
test cells have been used to evaluate propulsion sytems for advanced aircraft
missiles, satellites, and space vehicles. The advent of the computer age has
provided many additional testing capabilities for new aeronautical
systems. 3.4, 5 Both quantity and quality of data must be greatly increased to
meet the new testing demands and prepare these aging facilities for tes:s
even into the next century.

The experience gained by this opportunity to work on the oroject of this
complexity was very beneficial to the author. The specifying, implementation
and evaluation of new operational methods and automated controi system
using state-of-the-art technology will be immeasurably beneficial <o tre
author, as well as to his students, when he returns to the 2ng:neering

classroom.

H. OBJECTIVES

The objective selected for the research effort inciuded n=2 study anc
evaluation of presently used test philosophies and techniques in these
turbine engine test cells. The major objective was to assess state-of-the-art
testing techniques using hardware and software technology that m:gn* oe
available presently or in the near future. !mproved efficiency of coeration
through automation was established as the final goal of the effort. The
accomplished of these goals would then allow the study of and

implementation of state-of-the-art data acquisition and processing systems
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which the author proposes to continue studying through a Mini Grant later

this year.

Hi. PRESENT TESTING PHILOSOPHIES AND TECHNIQUES IN THESE TURBINE

ENGINE TEST CELLS.

Turbine engine testing requires that the turbine engine and associated
test cell systems be controlled orecisely and safely to given test requirements.
When the required test conditions are met, the data acquisition system is
activated. The control room personne! control the turbine engine and
associated test cell equipment to the desired test requirements. Presently,
the environmental conditions, however, are maintained at another location
by personneil responsible for that assignment. Interaction and coordination
between these two areas are primarily audio and alphanumeric display
communications, indicating the envircnmental set points and conditions.
Primarily manual interaction with the turbine engine and its on-board
controls are performed. The total control of the turbine engine and the test
environment are maintained by observing visual indications and performing

manual responses. 6

V. SELECTION AND IMPLEMENTATION OF HARDWARE AND SOFTWARE FOR

AUTOMATION OF OPERATION

The proposed Turbine Test Area Controller (TTAC) 1s a distributed
processor network. This controller will increase test productivity and
efficiency by reducing the energy and manpower resources required to

maintain control of the test article and facility systems through state-of-the-

60-5




art methods that are safe and reliable. The first two of the control systems
are peing checkad out in two test umits. TS activity is continuing in other
test cells presently.

Based on the design specifications and criteria, the Westinghouse
Distributed Processing Family (WDPF) was selected as the principal system to
be integrated into the TTAC program.’. 8 Some of the special features
required of the WDPF are as follows:

® Standard hardware building biocks

® Distributed global data base

Uondate of 16,000 analog vaiues or 256,000 packed digital vaiues, or

any combination, every second.

No traffic director

Expandable to 254 drops

Passive coaxial highways

Completely redundant

No host computer required

CRT displays in 1 second

Customer graphics
® Problem - oriental languages
The WDPF system consists of a selection of various drops linked by the
Data Highway. The Gateway drop interfaces to other computers or other
non-Westinghouse controllers and computers. The Historical Storage ard
Retricial drop provides mass memory and intelligence to store and retrieve

the total plant historical data for later analysis. The Logger drop collects data

for logging and prints data on demand or periodically in a standard format.

-
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The engineer’s console drop provides all the tools needed to program the
WDPF System. The Calculator drop provides a general purpose processor or
special calculations and logs which are used to optimize modeling and plant
performance evaluation.

The Batch Processing Unit drop provides the WDPF with the ability to
sequence groups of equipment for production and to select and modify
programs that control a particular test. The Operator's/Alarm Console droo
provides a CRT-based control display and alarm console for operator use. The
Distributed Processing Unit drop performs data acguisition and control
functions and interfaces to the different processors.

The WDPF system consists of three sets of hardware: the Data Highway,
the functional processor, and the Input/Output (I/Q) interface. These sets of
hardware were used as building blocks for this system. Communications to
and from the Data Highway are provided by a subsystem controller which
consists of a modem, shared memory, and a data base manager. The
functional processor performs the specific functions associated with the drop
and obtains or stores data from the memory shared between it and the Data
Highway Controller (DHC). The /O communicates to the processors, CRT's,
printers, and various drops.

Every 100 milliseconds eacn drop has access to the highway. Data
yariables are broadcast at least every second. The two megabaud speed of
the highway guarantees that these update rates are possible.

Extensive online diagnostics exist in each DHC to ensure its integrity, as
well as that of the whole system. Failed drops are automatically bypassed

Alarms indicating such failure are displayed on the Operator’s/Alarm Console.
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The Data Highway acts as a distributed globai data base available to any
drop on the system. The speed and architecture of this system ensures that
this global data base is always current and never more than one second oid.

Transparent access to the distributed global data base means that control
foops can run in one Data Processing Unit (DPU) using data values physically
residing in other drops. The ability of any drop on the system to access the
total global base transparently ailows fuctions that would previously nave

required a host computer to be distributed among many drops.

V. RECOMMENDATIONS

The author proposes to continue this effort through a Mini Grant so that
he can see the final implementation, checkout, and performance of a
modernized test ceil during the next several months. This year-long activity
would complete the implementation and checkout of the completaiy
updated test cell. The performance of this design could be evaluated anc
then the other major test units could foilow this plan. This would gve *he
Engine Test Facility a state-of-the-art testing tecnnique with mog=2-~.z2c
computer-controlled facilities and equipment.

The author feels that this summer research effort has been very beneficial
to him as well as to the future of high altitude turbojet engine and rocket
testing at the Arnold Engineering Development Center. He looks forwvard to
being able to see the research effort totally completed and implemented to

prepare the Engine Test Facility for testing into the twenty-first century.
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Operation of the Electron lon Momentum Transfer Instability Mechanism
in Moderately Dense Plasmas

by
Michael A. Hayes

ABSTRACT

The physical mechanism leading to the fast growth rate collisional instability for ion
acoustic waves in highly ionized plasmas was investigated. This mechanism was
describable as the growth of the spatially periodic electron density perturbation which
results from a spatially periodic electron velocity perturbation. The peridocity of the
velocity is in turn a result of the relationship between the electron-ion collisional
momentum transfer and the spatially periodic ion density perturbation associated with
the ion acoustic wave. Direct calculation of the moment equations and the instability
growth rate from the physics describing this mechanism gives, to within the precision of
this approach, quantitative agreement with the more formal treatment of Jasperse and
Basu. This work will be submitted for publication.

Experiments designed to search for the theoretically predicted were proposed, and
the proposed experiments are here described. A review of electromagnetic
wave-plasma scattering diagnostic literature was performed, and the relation of this
literature to the experimentlal problem at hand was assessed. Experimental work on
lower hybrid wave propagation was also performed, in conjunction with the Research
Laboratory of Electronics at MIT, and an abstract of the results of this work is soon tc be
published.
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. INTRODUCTION

In 1981 | received my doctorate, for work in plasma physics, from the University of
Califormia at Davis. Since then | have been on the faculty of the department of Physics
at Dartmouth, and | have built, and continue to improve, a plasma physics laboratory
there. At Dartmouth | have worked on both theoretical and experimental aspects of
wave particle interaction kinetics, and so was drawn to the problem of the collisional
instability which Jasperse and Basu had analytically discovered in a two temperature
plasma. As it happened, this problem was at a stage where | felt particularly well
suited to make a contribution, since what were lacking were an understanding of the
physical mechnism by which the instability operated, and ideas for how to test the
theoretical prediction experimentally. | have attacked both of these problems, and
have been very pleased with the results. In addition to these two main areas of
endeavor, | have also accomplished some tasks of secondary importance; these tasks
are also described below.

Il. OBJECTIVES

1) Review literature on experimental measurements of fluctuation spectra and
correlation functions for ion acoustic fluctuations in dense plasmas, and assess the
relevance of these experimental data to recent developments in the theory of dense
non-equilibrium plasmas which have been made at AFGL.

2) Study in detail the feasability of performing a conclusive experimental test of the
theory referred to above.

3) Further explore (theoretically) the physical nature of the mechanisms by which
instability may occur in a two temperature plasma.

4) Use facilities at the Research Laboratory of Electronics at MIT to perform
measurements of lower hybrid wave propagation in magnetized plasma, and compare
these measurements with theoretical predictions.
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[H. Productivity Qverview

The literature was reviewed, with particular emphasis on two papers which my hosts
wished assesed for relevance to their theoretical development. This review is
presented in section IV. The conclusion of my review was that while there is much of
general interest in the literature, and in these two papers in particular, but no presently
existing experimental literature may be used as a basis upon which to assess the
validity recent theoretical developments. The feasability of performing a conclusive
experimental test of the theory referred to above was explored, with the conclusion that
such a test is indeed feasable, and should be given a very high priority. The
suggested design for such an experiment is dealt with in the Recomendations section.
Further theoretical exploration of the mechanism by which the predicted instability
operates was investigated very successfully, and the results of this investigation will be
published. A qualitative description of these resuits is presented in section V.
Measurements of lower hybrid wave propagation using the experimental facilities of
the Research Laboratory of Electronics at MIT are progressing, and comparison of
these measurements with theory will be presented at the November meeting of the
American Physical Society, Division of Plasma Physics.

tV. A Brief Review of Fluctuation Literature

This section incorporates detailed evaluations of two experiments particularly
valuable in understanding fluctuation measurement, as well as a compilation, under
appropriate headings, of valuable papers in four relevant areas. The two papers
evaluated were chosen in part because of their chronology in relation to the rest of the
work in this field: they represent the early seminal work in this field (Ramsden &
Davies), and the current state of the art (Mostovych & De Silva). The other reascn why
these were chosen is because, in spite of any deficiencies which may be pointed out,
they are very valuable papers.

1 F msden vies, PRL 1
Laboratory research from the National Research Council of Canada. Plasma

formation is by 9 - pinch discharge (0.55uF, 35 kV discharge through a single turn coil)
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in Hydrogen gas at 1.5x10* torr. Measurements are made using a high power (10

MW), short pulse (30ns) ruby laser (6943A) in the afterglow of the discharge, 18 us
after the beginning of the discharge, when the plasma is assumed to be thermalized.

Scattered light is measured at 13.5°, and at 90°. Spectrum analysis of the 13.5°
scattered light indicates a central peak with two "satellite” peaks shifted 8A to either
side of the main peak. Theoretical analysis of the satellite sideband shift yields a value

for @ > which indicates that the plasma density was 2.4x10'%. Analysis also relates the
power in the sidebands divided by the power in the central peak to the ratio of the laser
wavelength to A,. The value of A, obtained indicates that T, = 1.1 eV.

This experiment provides some positive information on the internal consistency of
theory, but only looks at two scattering angles, and hence at fluctuations centered on
only two different wavelengths. The analysis assumes thermalization without prect,
and makes no attempt to independently measure density and temperature as arcther
check on theory. In addition, though the laser power used is large, no attempt is made
to consider what effect, if any, laser heating will have on the results.

1984 QOct. M h & De Silva, PRL 1
Laboratory research from University of Maryland. Plasma formation is by linear
discharge in a 1 to 7 torr He or Ar atmosphere. Pinching effects are claimed to be

ignorable because the discharges last on the order of 120 us while the magnetic
diffusion time is on the order of 2 us due to the low temperature (T, = 2eV) of the
discharge. The plasma density is very high (n =1 0'7 em3), and the plasma appears tc

be about 50% ionized. To form plasma, a 1200 uF capacitor bank is charged to 1-2 kV,

and then discharged across electrodes spaced about 30 cm apart. Peak discharge
currents are from 10-25 kA, and the radius of the discharge is about 2 cm. The inverse

plasma parameterg' =n (Ap) 3 is about 3.5. Itis not mentioned in the PRL, but is

clear from Mostovych's thesis, that the experimental set-up was operated very near to - ﬂ
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the MHD kink instability threshold. Indeed, while results are reported in the PRL for He
and Ar, the thesis indicates that the original intent was to report results for H as well,
but that stabilization of the kink mode in H discharges was not consistently achieved.
In this light, uncertainty about the possible presence of an enhanced MHD fluctuation
spectrum, in addition to an enhanced ion acoustic fluctuation spectrum, is not
unreasonable.

It is worthy of note that intuition gained in the treatment of other plasmas may fail in
the case of so dense a plasma as this. One example of such a failure, which also
illustrates a further cause for concern over the possible contribution of an enhanced
MHD fluctuation spectrum, is the relative ordering of various energy densities within

the plasma. In a sparse laboratory plasma (n, < 10'% cm3), or in a geophysical

plasma, the densities are much lower; as a resuli, for an electron drift v, < C, , where
C, is the ion acoustic speed, the ordering: Mg << Mgr<< Ny is usually valid, where Mg is
the magnetic energy density, Ny, is the drift kinetic energy density, and n,, is the
thermal energy density. However, since n_ o B2 o< j2 o< (ngvg,)2 , while m e N (v)2,
the net result is that the ratio (nmg)+ (Mg,) = Ne- Consequently, for the plasma in this

paper, Ny, << My =Ny, » which reverses the previous ordering of drift kinetic and

magnetic energies; thus the free energy source available for MHD fluctuations greatly
exceeds that available for ion acoustic fluctuations, contrary to the usual case for :nore

typical plasmas. Despite the fact that Mg = Mt it is yet correct to describe this plasma

as unmagnetized since, because of the extraordinarily high density, “’pe/"’ce ~10°.

Possible doubts as to the physical nature of the observed fluctuations aside, the
experiment described measures scattered laser power, as a function of time, at 4.7 °,
and at 8.75 °. The frequency spectrum of the scattered power at each angle is

compared against the predictions arrived at by taking different models for S(k,w). Of
the theoretical models compared, the best agreement is found with the BGK theory. It
should be noted that in the plots of calculated and observed ratios of scattered to
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incident power, the calculated ratio has been scaled so that its peak will be at the
height of the highest measured value on a particular graph. A 200W CO, laser with

wavelength 10.6 pis used. The laser power is very low in comparison to the discharge
power (up to 50 MW), so temperature perturbation as a result of the use of the laser is
very unlikely.

Th f Fl i nd Wav rin

'60 Can. J. Phys. 38 1114; J. A. Fejer

'60 Proc. Roy. Soc. A259 79; J. P. Dougherty & D. T. Farley
'60 Phys. Rev. 120 1528; E. E. Salpeter

'61 Nuclear Fusion 1 101; N. Rostoker

'62 Phys. Fluids § 776; M. N. Rosenbluth & N. Rostoker

Wav r Experimen

'58 PRL 1 454; K. L. Bowles

'66 PRL 16 303; S. A. Ramsden & W. Davies

'71 PRL 26 67; B. Kronast & Z. Pietrzyk

‘71 PRL 26 694; M. Keilhacker & K.-H. Stuer

72 PRL29 81; C. M. Surko, et al

'84 PRL 53 1563; A. N. Mostovych & A. W. DeSilva

Double Dipole Probe Th
'75 J. Plasma Phys. 14 209; R. Pottelette, B. Rooy, & V. Fiala
'77 J. Plasma Phys. 17 201; R. Pottelette, C. Chauliaguet, & L. R. O. Storey

Double Dipole Pr xpermen
'79 Phys. Fluids 22 534; R. Pottelette
'81 Phys. Fluids 24 1517; R. Pottelette, M. Hamelin, J. M. llliano, & B. Lembege

Some Relevant Books
Radiation Processes in Plasmas, George Bekefi, Wily, N. Y. 1966
Stat. Mech. of Charged Particles, Vol. 4, series on Stat. Phys., |. Prigogine, ed. 1963
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V. Developmet of Physical Understanding for the Fast Electron lon
Momentum Transfer lon-Acoustic Instability

Recent calculations of the dielectric function for the Balescu-Lenard-Poisson kinetic
equations by Jasperse and Basu have resulted in a number of interesting predictions,
including the prediction of collisional growth of long wavelength ion acoustic waves on
the electron-ion slowing down time scale, given a sufficiently large ratio of electron
temperature to ion temperature. | have developed a technique for directly
incorporating the effects of collisions into the electron continuity equation, and then
using this equation in conjunction with other fluid-like equations to corroborate the
predictions of wave behavior resulting from the more involved kinetic calculation of the
dielectric function. While, compared to a complete solution of the kinetic equations, my
provides a mathematically simpler approximate method for incorporating the effects cf
collisions into plasma wave equations, the principle advantage of my method is that it
illustrates the physical mechanism governing the effect of collisions on wave
propagation, including the above mentioned collisional instability.

The essence is that a spatially periodic ion density will result in a spatially periadic
electron-ion drag, which when integrated over electron velocity space, will result in a
spatially periodic divergence of the average electron velocity. The electron continuity
equation which results gives a collisional increase of the electron density which is
proportional to the collisional slowing rate multiplied by the perturbed part of the icn
density. The remainder of the moment equations may, in the limit of a sufficiently large
ratio of electron temperature to ion temperature, be obtained in a manner similar to that
by which the standard collisionless fluid results are obtained, and the entire set of
equations may be solved to obtain the same long wavelength predictions as the full
ki :etic theory in the same limit. This technique has value for its relative simplicity of
application, but its principle merit is that it starts with a well understood feature of
collisional systems, collisional drag, and reproduces the most startling results of the full
kinetic theory from there. By demonstrating the physical relationship between
collisional drag and unstable wave growth, this devélopment facilitates a more basic
understanding of the latter phenomenon.

In the derivations of fluid-like equations which include the effects of momentum
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transfer collisions between electrons and ions, the minimum kinetic treatment which
will enable a physically reasonable and self-consistent inclusion of collisional
momentum transfer is employed. Specifically, no attempt is made to include the effects
of resonant particles, so of course Landau damping does not come out of these
equations. As a result, the growth rate thus derived will be valid only in the limit of a
sufficiently large electron to ion temperature ratio that resonant particle effects are
indeed negligable, and Landau damping imay legitimately be ignored. For other
temperature ratios, the effects of Landau damping must be independently calculated
and added in to obtain the correct total growth or damping rate.

The work outlined above has been competed, but awaits final preparation for
publication. In any case, details of this work could not be included in this report
because of space constraints.

VI. Recommendations

As a result of my recent findings, | put a very high priority on the experimental
search for the collisional electron slowing ion acoustic instability. | have arrived at a
good basic design for experiments to detect and measure this instability, but more work
must be done on the detailed planning and optimization of these experiments. It may
be possible to perform some crude tests using modifications of facilities present in
typical plasma laboratories, such as my laboratory at Dartmouth, but conclusive tests
can not be performed without access to more elaborate facilities. Construction of
facilities sufficient for the performance of conclusive tests would be very expensive.
Fortunately, it is likely that the tests can be performed at a great reduction in total cost
by using facilities already in existence.

An optimal test of theory would require the use of a Q-machine, since such a
machine has much higher ionization fraction, and much smaller drifts than do other
types of plasma machine. Most importantly, use of a Q-machine would allow variation
of the electron temperature as a free parameter, independent of the electron density,
over a wide range. Since the instability under consideration would only exist for a
plasma in which the electron temperature exceeded the ion temperature, the
suggested experiment will require electron cyclotron resonant heating (ECRH), which
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is not a feature commonly found on Q-machines. Fortunately, there exists a Q-machine
which may prove more easily adapted to the performance of a heated electron
experiment. This is the new Super-Q at Lausanne, Switzerland.

With access to a Q-machine which is adaptable for ECRH, experiments to test
theoretical predictions will be possible in principle; what needs to be determined is
how best to pursue these delicate but important experiments in practice. The basic
idea may be easily stated: one must first form a high density, highly ionized plasma
which is very quiet, in the ion-acoustic range of frequencies, and drift free, and then
proceed to heat the electrons in this plasma. Care should be taken to monitor the
uniformity of the plasma as the electrons are heated, and also to monitor both the
electron and ion temperatures as a function of applied ECRH power. The relative
values of the perpendicular and parallel electron temperature should aiso be
measured, although it is unlikely that any difference would be observabie. For 2 eV
electrons at a density of 10'2 cm~3, the classical collisional electron temperature

anisotropy relaxation rate would be about 4x1076 sec™!, while the electron thermall
velocity would be about 6x10° m/s. Using the fength of the Lausanne Super-Q (which

is 4 m) gives a thermal residence time of about 6.7x106 sec, or about 27 temperature

anisotropy relaxation times: far more than required for an essentially Maxwellian
distribution. Even at much lower densities where the classical electron collisionality |
would be insufficient to Maxwellianize the electrons, the rapidly growing high
frequency kinetic instabilities which feed off of the free energy available in an
anisotropic electron distribution make it extremely unlikely that the experimenter would
observe a significant temperature anisotropy. Neither these very high frequency o *
unstable waves, if present, nor the ECRH itself should affect the quiescence of the
plasma in the ion-acoustic range of frequencies; ion-acoustic waves have much lower
frequencies than the above-mentioned phenomena, hence these phenomena would - d
not be picked up by our ion acoustic wave diagnostics.

Concurrent with the monitoring f the thermal characteristics of the plasma, the
experimenter should launch ion acoustic waves into the plasma, and measure their 4
growth or damping. By measuring both the real and imaginary parts of the wave vector
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K as a function of the real angular frequency « of the launched wave, the
experimenter would be able to test the most important predictions of theory, including
the prediction of a fast growth rate (ie. growth rate comparable to the electron slowing
rate) ion acoustic instability for dense plasmas in which the electron temperature
exceeds the ion temperature. Also, the monitoring of the electron and ion
temperatures as a function of ECRH power may be used to obtain additional
indications of the presence of this instability.

The caiculated rate for the classical collisional transfer of thermal energy between
electrons and ions is much less than the thermal ion residence time for the parameter
regions of interest, so classical heat transfer would have a negligible effect on the
measured ion temperature. Consequently, the rate of energy transfer from electrons to
ions via the process of unstable wave growth (due to the fast growth rate instability
predicted by theory) and the subsequent transfer (via Landau damping) of wave
energy to the ions would be obtainable from measurements of the electron and ion
temperatures as functions of ECRH power. This experimental thermal transfer rate
would thus provide the experimenter with an independent characterization of the
instability which could be quantitatively checked against the measured instability
growth rate.

The above experimental plan is based on sound physical principles and tried
experimental techniques, but a substantial amount of work must be ccmpleted, much of
it at the site of the Q-machine chosen and in collaboration with the local experimenters,
before the plan of execution for this experiment is complete. | am very interested in
taking this work further, and it is for this purpose that | have applied for an AFOSR
Mini-Grant.

61-11

) |
b
' A
L 1
1 q
o
U




— _—- A.u,.;
N

w

REFERENCES

Jasperse, J.R., and B. Basu, "The Dielectric Function for the
Balescu-Lenard-Poisson Kinetic Equations,” Phys, Fluids , 29 (1986) 110.

Trubnikov, B. A. , "Particle Interactions in a Fully lonized Plasma,"” in Reviews of
Plasma Physics , New York, N.Y., Consultants Bureau, 1965

Chen, F.F., Plasma Physics and Controlled Fusion , New York, N.Y., Plenum
Press, 1984

Schmidt, G. , Physics of High Temperature Plasamas , New York, N.Y., Academic
Press, 1979

Nicholson, D. R. , Introduction to Plasma Theory , New York, N.Y., Wiley
Publishing Co., 1983

Ramsden, S.A. and W.E.R. Davies, "Observation of Cooperative Effects in the
Scattering of a Laser Beam from a Plasma," Phys. Rev. Lett. ,16 (1966) 303

Mostovych, A.N., and A.W. DeSilva, "Laser Scattering Measurements of Thermal
lon-Acoustic Fluctuations in Collisional Plasmas,” Phys. Rev, Lett, ,53 (1984)

1563

Rosenbiuth, M.N., and N. Rostoker, "Scattering of Electromagnetic Waves by a
Nonequilibrium Plasma,"” Phys, Fluids ,5 (1962) 776

61-12

[




Zragarad by:
Acagemic Rank:
Department and

Uriversity:

Contract Mo.:

n
[¥2)
v
m
(]
i)
[P}
€
£
4
=
L
b}

ponsored by the
Air Force Office of Scientific Research
Conducted by the

Lniversal Energy Systers, Inc,

Firal Regor:

tvaluaticn cf Severa® Hi<gh Itrara-r

Composite Concuciars

James C. ho

Professor

Physics and Chemistry

Wichita State Univers:ity

fero Propulsicn Labcratcry, AFWAL
Or. Craries £, Cherly

July 27, 1986

F49620-85-C-C013




Evaluation of Several High Strength Composi*te Ccnauctors

by

James C. Ho

ABSTRACT
Micrographic examination was made on a recently procucec campesice
conauctor. This conductor consists of 2,989 (61x7x7) hiagh zuri~/ zluminur
filaments in an aluminum-iron-cerium alloy matrix. Deformatiocr of the
filaments, having a total of 4,096 (16x16x16) : 1 area recuc*izn =nrough
three consecutive extrusions, appears to be well acceptable.
Another aspect of the program aims at assessing high temperature electrical
resistivity of several dispersion strengthened conductors with potential
applications ir high current opening switches. Measurements were made on
copper-niobium, copper-alumina, aluminum-silicor carbide, arc

aluminum-iron-cerium.
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I. Introduction

Our research was very much interdisciplinary in nature. It is part cf
a materials development program, with the final goals aiming at
applications in advanced power systems, Toward this end, my education
background (B.S. in engineering; M.S. and Ph.D. in chemistry), teaching
experience (Professor of Physics between 1971 and 1986 and Professor of
Physics and Chemistry since 1986), and extensive research interest
(cryogenics, physical and microstructural properties, alioys and compouncs,
with some 130 articles in publications or conference presentatiors) allow
me to interact with and draw expertise input from many individuals at the
Air Force Wright Aeronautical Laboratories, thus forming an integral
approach to our studies. I consider this to be of particular importance
for my successful participation in the Summer Faculty Research Program.

Specifically, our effort centered around the characterization of high
strength conductors intended for advanced power systems.

II. Objectives of the Research Effort

The overall objective of the materials research program at AFAPL is
(1) to develop a cryoconductor for pulse power applications and (2) to
evaluate various high strength conductors as high current opening switch
materials.

My individual objectives were:

1. Assessment of a newly produced high-purity
aluminum/aluminum-iron-cerium composite conductor through micrographic
examinations.

2. High temeprature electrical resistivity measurements on
dispersion strengthened materials including copper-niobium, copper-alumina,
aluminum-silicon carbide, and aluminum-iron-cerium.
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II1I. Composite Aluminum Conductors

To meet the ever increasing need for devices generating high power
pulses, particularly when weight factor is of great importance,
multifilamentary superconductors have been considered as the most promising
materia]s(l). Their advantages are based on the practically zero
electrical resistance and consequently very large current densities.
Nevertheless, producing and maintaining the extremely low temperatures
required demand liquid helium. Peripheral equipment for helium storage and
liquifaction adds extra complication and weight to the overall operation of
a given power system. Moreover, for pulsed power applicaticns, transient
heat transfer problems are yet to be solved. Consequently, a different
type of cryogenic conductors have been considered as a reliable alternative
as winding materia]s(z). These conductors are not superconducting, but
have sufficiently low electrical resistivities at service temperatures near
20K, which are easily attainable whenever liquid hydrogen is available.
Indeed, the feasibility of fabricating one such conductor has been
demonstrated at AFAPL(3). Specifically, it is a composite conductor
consisting of high purity aluminum filaments embedded in an Al-Fe-Ce alloy
matrix.

The matrix material satisfies the following criteria: (1)
lightweight, (2) high strength, (3) good thermal conductivity, (4)
reasonably high electrical resistivity to minimize eddy current loss and to
enhance electromagnetic diffusion rate, (5) workability compatible with
that of high purity aluminum, and (6) diffusionless alloying elements (Fe
and Ce) in Al. This alloy was initially developed at ALCOA with AFML

(4)

sponsorship for high temperature structural applications' ‘.
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Earlier work on Al1/Al-Fe-Ce composites has been limitec to smal!
number of filaments. Most recently a triply extruded product, whick
contains 2,989 (61x7x7) high purity aluminum filaments, became available.
Our effort was to evaluate this product through micrographic examinations.
Fig. 1 and Fig. 2 show the original billet and the final product,
respectively. It appears that the filaments, after having a 4,0%€
(16x16x16) to 1 area reduction, maintain roughly the same cross section
areas (i.e., no necking as precusor to breaking). There is also no contact
between any of the filaments. These results confirm the feasibility of
manufacturing this type of advanced composite ccnductors for the stated
purposes.

IV. High Temperature Electrical Resistivities of Dispersion Strengthened

Conductors

The requirements for conductor materials of high currert repetitive
opening switches include, among others, high strength and reasorebly good
electrical and thermal conductivity. The strength requirement arises from
the fact that the primary switch loss is associated with the ccntact
electrical resistance(s). Even the thermal diffusivity of pure copper does
not warrant adequate cooling of the contact surface which will quickly
reach its softening temperature. When this happens, the contact pressure
decreases and the contact loss rises even further,

One thermal management approach being considered is to fabricate the
major part of the switch contact with conductor materials which retain high

strength at elevated temperatures (300-600°C or higher). They will then be

coated with a thin layer of soft materials as the actual contact tips.
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Fig. 1.

The original 3-inch-diameter Al-Fe-Ce billet with 61 1/4-inch

holes for inserting high purity aluminum rods (only one shown

here). ) %
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Micreogranh of the seven sections of the final composite corcducter

Fig. 2.
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In this werk, we se’antad several hish stronmth marar-uts

YA
treir electirical resistivitiss as a function of tenperacure, The ia=seie’:

-t

are basically disrersicn strengthened ccpper and aluminum (coppei-aisnion
Trom Supercon, Copper-aiumina from SCM Metal Products, aluminum-siiscen

carbide from ARCC Cremical and from DWA Cemposite Specialties, z-.

2

asur1num iron-cerium from ~LCOA}

The measuremenfs were made W1th the standard four-terminal recec,
The results, in terms of electrical resistivity, P(T), and resis.- ‘-
ratio, j’(T)/_f(295 K}, are shown in Figurss 27 to 9, forreias: oo :.- .22-
whese values and tre microstructural oropertias af the razers A

T

The results car te usetui in futura switch cesi...

araivzed.

. Recommendations

~. Electrical resistivity at cruvcgenic temperatures of *he new
corresite conductor (A1/A1-Fe-Ca) neede *+~ ba avaluateo. Particylar

1zzaption shcuid be placed or the anneaisnec effect of bis oroeers-

19

ireeriicg at elevesed fempsratyrss coule ¢ltivivte o tzssingetn uceo

~esiaua) resistivity, provided that a'loying elements in the ratrex ¢c -z

ciffuse into the high purity filaments.

It iz alsc recomrended to examine presently

-

available high strannth
Atwminum alloys with diffusionless 10]1nc elarents, cther trhan sne
Al-Fe-Ce used nere, as alternative matrix materials, Comparisons are tc he
made in terms of workability, ailoying element diffusion rate, and the
final residual electrical resistivities,

2. Mith the recent advancement in processing technolouy, many new
materials are‘being-déve16béa; Afhajbrity of them are desigre¢ for high

tzrperature structural applications. However, *or those vith suisable
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ABSTRACT

Investigation of the locally implicit method is part of the search for a
less expensive method to compute viscous flows in aerodynamics. Viscons
flow calculations are subject to severe Courant Number restrictions unless
implicit methods are used. However, implicit methods require structured
rrids. which are expensive to compute. and are impeded bv the use of
approxdmate factorization. The locally implicit merhod requires neither.
This research investigates the Courant Number restriction on the stabilic:
of the locally implicit method and provides variations of the method which
have no restriction. In 2D and 3D, this algorithm is an ideal randidase Jor

parallel computation.
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1. Introduction. The locally implicit method was developed by K.C.
Reddy and Jim Jacocks of the Computadonal Fluid Dynamics Seszivn in
the Propulsion Wind Tunnel Facility at the Arnold Engineering Develop-
ment Center. The goal is to reduce the cost presently required to obtain

solutions to viscous aerodynamics problems.

If cost were no object, the central difference spatual approxdmation
with implicit Euler time stepping would be good. It is cervainiy betzer
than explicit time stepping when very fine spatial discretizations impose
Courant Number restrictions. Locally implicit methods avoid rhe cost of
implicit solutions by time-lagging either the right point and marching -«
the right or the left point and marching to the left. This is the basic one-

point locally implicit method.

An N-point locally implicit method uses N-1 central differencs sten-
cils with implicit Euler time stepping. Depending upoa the direesion of
march, either a left or right one-point locally implicit stencil is added to
the group so that the }'esulting system is solvable. It has N equariuns to
solve simultaneously and. hence, is implicit locally.

Because the N-1 fully implicit stencils impose no stability restricrion.
the stability restriction on the group is imposed by the one-point locally

implicit stencil.




2. Objective. The object of this research was to analyze the one-point
locally implicit method. In particular.

1. A thorough understanding of the stability of the basic locally implicit
method had to be achieved.

2. If the basic method were found deficient, seek a method or methods
which remedied these deficiencies.

3. Examine the practical aspects of a real implementation of the method
for a system of equations in several dimensions on modern computing ma-
chinery.

This paper discusses the basic method which is found to have an an-
usual reason for a Courant Number restriction. Then, three methods for
removing this restriction are outlined. Next. rabulated data for all four
methods is presented and interpreted. Finally. conclusions and recommen-

Jations are given.e

3. Basic Method. Consider the one point method for one dimensional

linear convection.

e =, = 0.

Marching to the right uses the nuraerical discretization

n41 14 n
¢ v g1
+c

At ‘ YA

n+1

U .
-1
J =0

- i




or

cAb e AL
iy l)u?'“:(!— 2

2Ar 2Ar

v, v —
Es?. -vhere u,; = Lu,.

(I~

Fourier transformation gives

CAl LAy~ eAl L La A
(l_me luh)u;""l:(l_ - C’Jh)un. (l)
so that the amplification factor || = 1‘5—:—‘-% is
_ e wh |
1= g3ze™

The method appears to be unconditionaily stable according to this
modal or von Neumann analysis.

In Eulerian formulations, the convection equation is nonlinear.

g+ uu, = 0.

This equation needs entropy information so viscosity is added

Uy + UUp = €U,

to eliminate expansion shocks. Numencally. viscosity gives thickness ro
shocks and permits stable algorithms. Jameson[1| advocates the use of an
artificial viscosity which gives a shock thickness proportional to meshwidzh:

this implies that eu,, = vo Aru,,. Away from the shock. he switches to a
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fourth derivative artificial viscosity. vy Ar” u;,; .. to remove high frequency
error components from the numerical solution. Being of ~hird oxder in L.
this term cannot contaminate our second order spatial diseretization. Both

artificial viscosity terms vanish as the mesh is refined.
s
e+ Uy — V2 AL U + VAL Moz =

and the equation describing the original physics is recovered.

The necessary inclusion of viscosity, real or artidciad. couples with con-
vection to destabilize the locally implicit method.

The basic one point lccally implicit method has a2 von Neumana sta-

bility criterion of the form
C2-2+aV

where the signed Courant Number, ¢ = c:\‘\—;. and V' = {va -~ u.j%;_-‘. .a
aerodynamics, stability problems will occur in this basic method becans»
of the negative characteristic velocities arising in subsonic and transome
calculations.

To see the reasoning in the special case.
uy +cuy —vAAzu,, = 0.
consider

('l
n+l _ .n_ Zc.n  _  ndl . n n+l _ A, ntl
uiTh = uj 2(“,'+1 uj_l)«}-l(uH_l-{-u}_l 2u] ).

(63}

[9%)
}

n




Fourier transformation gives, when h = Az,

1 - %—e“"h + Veivwh
= 1- %e"“’h + V(2= e—twh)
(1= %cos«;h + Vecoswh)+ i(—%sinw'h + Vsinwh)
Tl %cos.ah + V(2 ~ cos wh)) +£(%sinxh+Vsin.ah).

-
-

The amplification factor. |z{, is not greater than one if and only if
c 2, C . . 2
(1—;—cos-*h+V(2—cosu;h)) +(Es1nu:h+Tr sinwh)® >

{1- gcos h+Veoswh)? + (—%sin&h + 1V sin «h)%,

which, for 17 > 0. simplifies to
C2=-2+aV {3)

where & = —2. Notice that for the highest frequency. <A = 7. the denomi-

nator of z is

c . .
1 - -i-e_"' +V(2-e""") =0,

which vanishes when ¢ = -6, an.l unbounded amplification occurs.

A variety of approximations for the viscous term are possible. For

0<8<1,

c
it = ul = (el el - 2000] + (1-0)u)T)
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has the same stability criterion but with
{ positive. ford <
|
a = i zero. for 4 =

negative, for # >

[ ST Ll o Lo S T

Unfortunately, simple computations with the basic method for. say.
C = +2, fail miserably. Another explanation is necessary; the notion of
zroup velocity must be introduced. A complete explanation can be found
in Vichnevetsky and Bowles[3] or Trefethen(2].

Briefly, the group velocity, v+. is function of frequency and is the ve-
‘ocity with which the Fourier component of that frequency is observed to
-ravel. This is not to be confused with the phase “eioeiry. ¢+, which s not
soservable. Components of differing frequencies and phase velocities inter-
act in the phenomenon called beating to give the observed zroup velociny.

The zroup velocity is computed from = as follows.

Re:
. Arz:
phase velocity, ex = — ==
~ At
o .-\1"{:
Cuh
where the Courant Number, ¢ = —-n‘\—' and ¢ is the true characteristic

velocity for the partial differential equation. Then,

sroup velocity, rx = —(wee).

d




ar~ 1

el

Using = = from equation [1] gives

-

. N = . AY
-1 —Osinwh + &= sin2wh
Arg: =rtan .

1-Ccoswh+ C'—fcos2wh

In the special case, C =2,

-1 { =2sinvh{l — cos wh)
tan = Jh.
—2cos wh{l ~ cos wh)

w
s
04
(V]
]

—cArg: ¢

P o = -=,
Cw’h 2

(soex) = — =

[ e L B
w 2

This indicates that at a Courant Nnmber of 2. components of all frequencies
travel in the wrong direction at half their proper speed. This is confirmed
numerically. The pulse which should have moved four units to the righ.
moves instead 2 units to the left.

This is not unusual. Many popular. common schemes exhibit this
property at high frequencies. It causes unwanted reflections at boundaries
and GKS instability. Artificial viscosity is commonly used to control it.

What i5 nnusnal in this case is that all components, both low and high
Srequencies. travel in the wrong direction for € = 2. Artificial viscosity is
aifective only for controlling high frequencies.

In summary, if viscosity is small, the amplification factor can be un-

bounded for € < —2. The group velocity of the important low frequency

Oy

(93]
]
1]




components is reversed if C > 2. Thus, the locally implicit method in its

basic form is stable only if |C] < 2.
The modified equation is another way of providing the precedinz anal-

F ysis. When the basic locally implicit method is applied to
ue + oty — va Ar gy + vy AL tgp02 = V. {4)

the equation actually solved is the modified equation.

A
(14 :\é(—g-}-ug-i-am))u,-{-cu,—ug Azu,+viArgu,,... = O(Ar+ At).

where the right hand side vanishes as the mesh is refined for 2 fiven Courant

Number. The modified equation is derived by replacing eaci of the inite
B L4

difference approximations by its Taylor expansion and coilecting terms.

If viscosity is negligible, the equation resembles

c

c A\
1 =33

iy + u, = 0.

Observe that it represents a flow which reverses direction vien = =

PR

1. that is, when C = 2. This agrees with the group velocizy analysis.

The viscous portion,
Uy = Ua Az, = 0,

is unstable if the time coordinate is reversed. For At < 0. the coefficient

c . At . e
1+ ‘j—i —3) changes sign when %lfﬁl = =1, or C = -2, which coincides

with the unbounded amplification predicted by the modal analysis.
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4. Artificial Viscosity Method. The traditonal quick and dirty rem-
edy for unstable methods is artificial viscosity. Examination of the modi-
fied equation shows how the additional viscosity stabilizes the basic (§ = 1)
locally implicit method. at least in the low frequencies. The leading coethi-
cient,

1+ '.‘5%('% + vz + 3u4).
should be positive in order that the group velocities remain positive for low

frequencies. This gives the restriction.
Al

C <2+ =(vm +30,)).
Az

Reversing the sign on the viscosity term gives an indicator for behavior
of the amplification factor for the critical low frequencies.

At
C < =214+ —{ve +304i).
Ar

which agrees with forrzula [3] derived by modal analysis. Therafore. the
addition of artificial viscosity stabilizes the locally implicit method. if 7 = 1.
for

AW
O < 2(1 =+ :\';(L’g + 3Jvy)).

For general values of 4, one obtains

O£ 201+ T2(20 = 1)vs + 30)).




so thar, for 4 = L, artificial viscosiry has no stabilizing effect. and for 4 <

i

it has a destabilizing efect.

5. Modified Equation Method. If, using the basic locally implicit
method, we attempt to solve
DUe + ety = Vo MLz + vy Az ez = 0. {91
for some p, we get instead the solution of
oAt e 3 ) )
[p+ 1—(—§+u2 +F3 ), dru, —vo dru, +rv Ax g, = Oidr— At
x

Wanting the leading coeflicient to be one. we solve for p.

At e
p=l-<o{-5+m + 3wy},
or with general 8,
At e
p=1- :)—1:/—3 + (28 — 1){ra + 3v4}).

Discretization of equation [5] with this particular p leads to the salution of
the original equation (4] by a method which is automatically stable if only
zhe lower frequencies are considered. Problems at higher frequencies can

be handled by a combination of multigrid and artificial viscosity.

6. Modified Equation Method with Alternate Marching. The

modified equation method has desirable amplification factors for positive

63-12




Courant Numbers and desirable group velocities for negative Courant Num-

bers. Therefore, following a forward sweep by a backward sweep

n+l _ n_ L ndl n o4+l n - n+1

has the effect of providing a superior overall method. Use of # = % rather
than 1 appears to give identical results.

Incidentally, referring back to the basic method. alternate marching
failed to be effective at large Courant Numbers because of the nnbounded
amplification factor for € £ —2. These instabilities are too large to be

damped during the alternate sweep.

7. Interpretation of Tables. Appended are tables containing amplifica-
tion factors and group velocities for each of the four merhods. Throughout,
9 = 1 was nsed. In each table, the left column s rthe signed Couranrt
Numper. C = 'Z\A'T and the other columns contain vaines rabwazed for

~h=jx/3. j=0.1.....3. In each case, the equazion
gy + oy, — vy dru,, =0

is discretized. If v; = 0. 2quation [2] shows that the ampiidcation factor is
always one. So vy = 0.01|¢| is used to show which components are amplified
and which are attenuated. In the artificial viscosity method. however, 12

must be quite large. and a value of vy = 0.5]¢| is used for that case only.
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Likewise, it would be desirable for zroup velocities to be one. or as
larze as possible. for all componenrs. This Is impossible exerpt for ugh
order methods such as spectral methods. Negatve group velociues Jdenote
components which move in the wrong direction: these are present in all non-
dissipative schemes. They cause spurious reflections at boundaries. shocks.
and grid interfaces and thereby foster GRS instability. If the zzoup velocizy
is negative for the critical low frequencies. the algorithm will :2rainiy fail.
Group velocities which are smail in magznitude cause coavergence 1o be
slow; these error components move slowly. If the component lies in the
upper half of the frequency range. it can easily be removed bv arifeiu
viscosity. If it lies in the lower half of the frequency range. muitigrid is

about the only method for removing it gnickly. Multigrid converrs the low

frequency on a fine grid to a high frequency on a coarse grid.

BASIC METEOD: Observe that the ampiidcation fJv=ur s 2o freater
than one for —2 < C. The zroup velocity of the lowest frequency is non-
negative for C < 2. Hence. the Courant Number restricton {C) < 2 is
appropriate.

ARTIFICIAL VISCOSITY METHOD: The leading coefficient in the
modified equation is made one for |¢| > 0 by choosing v2 = 5. In the

lowest frequencies, this makes the group velocity one for C > 0. and positive

(€N
(98]
s
-




for all Courant Numbers. No amplification factors are greater than one.
Furthermore, sufficient dissipation exdsts at those frequencies and Courant
Numbers where the group velocity is zero, to make the method converge
reasonably. In practice, this method performed well in conjunction with
the basic method. The artificial viscosity method was used with a large
Courant Number to obtain coarse convergence; then. the Courant Number
was reduced to one, and the viscosity was reduced to that of the original

problem to achieve corvergence.

MODIFIED EQUATION METHOD: This method was implemented
o sive the leading coeficient in the modified equation the valne one. So. the
group velocity for the lowest frequency is always one. The profile of group
elocities resembles that of the artificial viscosity method. Unfortunately.
=he protile of the amplification factor does not; there is no dissipation to
remove the stagnant gronp velocities. Convergence is expected 1o be slow
and probably should be accelerated by a multigrid scheme. In fact. this
wvas the experience of Jacocks and Reddy in their 2D locally implicit Enler

solver.

MODIFIED EQUATION METHOD WITH ALTERNATE MARCE-
ING: This substantially reduces the variation in amplification factors over

all the preceding methods and creates an essentially non-dissiparive algo-




rithm. Furthermore, there are no zero group velocities in the lower frequen-
cies or at large Courant Numbers. Therefore. its convergence is rapid: this
was tested in a 1D nonlinear scheme.

The presence of negative group velocities, which exist only at small
Courant Numbers in the upper half of the frequency range. properly reflect
the fact that this scheme must resemble a central difference scheme as

At — 0.

8. Conclusions and Recommendations. The locally implicit merhod
in its basic form is only stable for those Courant Numbers whose alsolute
value is less than two. A number of variations exist which remove the
Courant Number limitation.

The best of these variations alternates the direction of marching. In
most circumstances, it will have no negative group velocities.

In higher dimensions. the absence of negative group velociries elimi-
nates stability problems. This follows because a velocity vector is resoived
and propagated by its directional components, none of which can have a
negative group velocity.

For systems of equations, linear stability is guaranteed if the modified
equation is adjusted for the largest characterstic velocity in the sy-stem.

Time accuracy may be lost, but when steady-state solutions are soughs,
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everything is gained. This method permits large Courant Nnmbers. but iz
is not implicit. It no longer requires the generation of stractared 1mids
or the use of approximate factorization. It is a perfect algorithm for the
inexpensive, new parallel computers.

It has tremendous potential for aerodynamics applications. It should
be capable of matching the speed of existing Euler solvers. More impor-

tantly, it should provide a speed increase for Navier-Stokes solvers.
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v ABSTRACT

' The first step in the development of an artificial intelligence
"expert system” is the extraction and characterization of the knowladge

' and skills of experts. This step is widely regarded as the major bot:le-

p.

b neck in the system development process. In previous work (Hoffman, .23+

3 I analyzed a number of methods for extracting experts' knowledge. Th2
present report summarizes an analysis of another method, the “unstructurad

interview” method. I also compare the various methods in terms »f their
overall efficiency at generating propositional information for i data base.
I conclude with a recommmended series of steps for extracting exper:s'

«nowladge, steps thdat should apply to any expert system developmen: project.
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I. INTRODUCTION

Modern arziilzial intelligence (AL) systems are often callad
"expert svs:teams” siic: they rely omn characterizations of the knowledge
and skills of 2uperts. What the experts in a given domain know is
codified in a xnowladge Dbase, and the knowledge base is used in the
inference-making component of an Al system. Examples of such systems ars
DENDRAL {Juda and 3hortiiffe, 1983), which generates descriptions »of
chemical compounds on the basis of spectrographic data, and tne
Associate” sys:am deing developed by the Air Force (Swefix, 1335) [for
a good genezil survey oI axpert systems work, see Bramer {1332,

Buchanan [:336 ., Joombs [1Y84], or Weiss aud Xulixowsxi {1934,

I[r {5 widely ra2cognized in expert systems researca <idt Iae
process of extracting tne knowledge of experts is the primary 5Soct:leneck
in the system development process (cf. Duda and Shortliffe, 1983, 2.265).
It can take many months of the expert's and the system builder's zime to

extract and characterize the <nowledge that goes into an expert srs3:=2m,

and vet, experts' kxnowledge must be extracted before one can comdlz2:z 2=

Ty
‘i

.8
L
(7]
[\
[

programs. Thera has apparently been ao systematic or programmaczi:
on the question of how to extract the knowledge of experts (Duda aad
Shortliffe, 1933; Hartley, 1931; Gilmor2, personal communication).

vy work falls at this nuts-and-bolts lavel of the develooment 31
2xpert svstems. As a cognitive psychologist, I am interested in applving
the research methods of experimental psychology to the domain of expert
systems engineering. The overall goal of my research is to develop general
methods for extracting and characterizing the knowledge of experts, with
an eye toward making the system development process as efficient as

possible.
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I1. OBJECTIVES OF THE RESEARCH EFFORT

The work I report on here is an extension of ay earlier work

(Hoffman, 1984) in which I analyzed certain methods for extractiag

experts' xnowledge. 1In this report 1 analyze another method, what I
call "unstructured interviews.” The various methods for extracting
axperts’' «nowledge are briefly described in Table 1. For full details on

the various methods, see Hoffman (1986).




TABLE 1

Various methods for extracting the <nowladge of axperts.

METHOD DESCRIPTION AND PURPOSE
ANALYSIS OF Analysis of the tasks that the expert usually
"FAMILIAR"™ TASKS performs. Includes analysis of availabla

texts and technical manuals. Facts iana rulss
ar2 Wwritten out in the form of proposi:ions.
A categorized 1list of the propositions con-
stitutes a "first-pass”’ data base.

UNSTRUCTURED The expert is queried with va2gard to his
INTZRVIEWS knowledge of rfacts, rules, etc., and wit:

regard to user needs and system desizn
(e.g., the kinds of screen faces tha:
would be helpful).

STRUCTURED The 2expert goes over the first-pass 2izi =isz,

INTERVIEWS making comments on each entry. The rssul:
is a "second-pass” data base, in a forma:
ready for inputting into the computer.

LIMITED INFORMATION A familiar task is performed, but the expert
TASKS is not given certain information that is
usually available. Lack of information
encourages strategic thinking (e.g-.,
“What if . . . . ").

CONSTRAINED A familiar task is periormed, but the 2xper:

PROCESSING TASKS must do so under constraints. For =xamplz,
the task may have to be performed within a
limited amount of time. Another examplz
involves running the expert at a simulation
of the familiar task usiang archived data.
At any point during the tasx, the axpert
can be stopped and queriad wich r2gard o
«nowledge or reasoning strategy.

THE METHOD OF A familiar task is performed for a set of

"TOUGH CASES” data that presents a "tough case.” The
expert's ruminations over a tough case
can generate evidence about refined
reasoning strategies.

On
F-
[}
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In my previous work 1 analyzed the efficiency of all the methods
with the exception of unstructured interviews. As I will show in this
report, having now analyzed the unstructured interview method I can
answer a key question:

What steps should be taken to extract and

characterize the knowledge of experts for

any expert system project?
My answer to this question should be of interest to anyone who is working
on an expert system or who Is planning such a system. This includes tne
the burgeoning AI research efforts of the U.S. Air Force and other branches

of the Department of Defense.

II1. APPROACH TAKEN

[ 1)

The work to be reported here was conducted in the context »f 2

project that was aimed at developing an expert system to assist Military

The Knowledge-based Systems Office of the Strategic Planaing Directoriz2
(XR) of the Electronic Systems Division (ESD) was in the beginning stagzgzs
of developing an expert system to augment MAC planners' abilities in the
use of FLOGEN, an Automatic Data Processing System that is one part oI
the Integrated Military Airlift Planning System (MAC, 1985). It was at

that point that 1 joined the project.

With FLOGEN, expert MAC planners develop plans for airlift
operations in both crisis and deliberate planning. Available to FLOGEN

is a great deal of stored information (e.g., information about the range, — ’
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speed, and cargo preferences of different types of aircraft; information
about tue ramp space and carzo nandling capabilities of various airfields).
FLOGEN accepts as input information about the logistical considerations
involved in a particular operation (e.g., cargo priorities, available-for-
loading dates, origins and destinations, need for refueling stops, etc.).
2lans that are developed using FLOGEN need to meet a number of criteria:

To maximize the tonnage shipped, to maximize the tonnage arriving on

time, to maximize the flying time per aircraft, to minimize scheduling
conflicts, atc.

Al techniques should apply well to the FLOGEN-based planniag

L

procass. Some reasons for this applicability are:

(1) The use of FLOGEY requires considerable expertise.

(2) The use of FLOGEN involves a large number of variables and facts~—-
nundreds of different bases, scores of different types of aircraft,
etz. The plan reports that stem from FLOGEN fill volumes.

(3) After their many years of experience, the MAC planners have developed
many personalized heuristics ("rules of thumb”) for dealing with
the details and problems that are encountered during FLOGEN-basad
planning.

%) The procedures that are followed during FLOGEN-based planning are only

~~
e

partially described in the available documentation. The FLOGEJ

User's Manual (MAC, 1985) has chapters that define the fields

that appear in various screens, chapters that define the various
files and acronyms, and chapters that define the various command
codes. Nowhere in its 400 pages does their appear a significant

explanation of what the planners do.
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It would seem prudent to attempt to extract and characterize the
xnowledge of the experts, in order to form the basis Zor an axpert systam

for assisting MAC planners in the FLOGEN-based planning process.

METHOD

The method used was quite straight-forward. Individuals from the
MITRE Strategic Decision Aids Group spent a week engaged in unstructured
interviaws of the expert MAC planners. The interviews resulted in over
ten hours of audio taped interviews. The interviewers and the experts
were all naive with regard to my ruminations abou: resear:n metnodology,
making the tapes an ideal source of data for my analvsis of the efficiency
2f the unstructured interview method.

Basically, what 1 did was to transcribe the intarviews and then
inalvze the transcriptions for their propositional contant. The tran-

scripcion process involved listening to the interviaws . o>ver aeadonones)

1

on a small tape recorder and typing the dialog into 3 word procasscr.
(for details on the preparation of a verbal protocol, see ZIriccson and
Simon, 1984; and Hoffman, 1986). An example exerpt from the transcripts
appears in Table 2. This exerpt is prototypical in that it includes

queries from the interviewer, speech hesitations and errors, unintelligible

segments, and monologs by the expert. The monologs in this exerpt are all

brief; occasionally they can be a page or more in length.
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TABLE 2

Example exerpt from the unstructured interviews.

-

O]

-

(&}

14

€3]

What information are you given about airports?

Now just some rudimentary information comes with it. Common name,
latitude and longitude, ah . . . no information comes with it about
the ah . . . maximum number of airplanes on the ground or the port
capability that is at the field. None of that comes along with it.

What's the difference between MOG and airport capability?

Ah . . . MOG maximum on the ground is parking spots . . . on tine ramp.
Airport capability is how many passengers and tons of cargo per day
it can handle at the facilities.

Throughput . . . ah . . . throughput as a function of . . .

It all sorta goes together as throughput. If you've only got . . . if
you can only have ah . . . if you've only got one parking vamp with
with the ability to handle 10,000 tons a day, then your . . . your
throughput is gonna be limited by your parking ramp. Or, the
problem could be vice versa.

Yeah . . .
50 iz's a {unintelligible phrasej.

What if you only had one loader, so that you could only unload one
wide~body airplane at a time? You wouldn't want to schedule five
airplanes on the ground simultaneously. How would you restrict
that?

We know we'ra not jonna 3zet all the error out of it. We're gonna try
and minimize the error. And then we'll say that . . . ah . . .
we'll say an arrival-departure interval of one hour, so that means
that the probability of having two wide-bodies on the ground tryin'’
to get support from the loader is cut . . .
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The process of recoding the transcripts into propositions was also
straight-forward (for details, see Hoffman, 1984 or 1986). An =xample
proposition contained in the Table 2 exerpt is:

"MOG STANDS FOR MAXIMUM NUMBER OF AIRCRAFT ALLOWED ON THE GROUND. "
This would be an example of a potential fact to be incorporated into the
data base. The transcripts also included potential rules. An example of
a rule, one that appears in the Table 2 exerpt, would be:

“IF YOU NEED TO RESTRICT THE NUMBER OF AIRPLANES ON THE GROUND AT A

STATION, THEN MANIUPLATE THE ARRIVAL-DEPARTURE INTERVAL."

Other example propositions gleaned from the transcripts are:

"OVERSIZED CARGO IS LARGER THAN A PALLET BUT WILL FIT ON A C-130

OR A C-141."

"IF CARGO IS SHORTFALLED, THEN FLOGEN FLAGS IT WITH AN EXPLANATION

OF WHY THE CARGO DID NOT MOVE."

"INFORMATION ABOUT STATIONS IS AUTOMATICALLY ACCESSED BY FLOGEN

FROM A PARAMETRIC FILE."

"IF CARGO CANNOT BE MOVED, THEN THE USER MUST MAKE ADJUSTMENTS IN

THE TIME-PHASED FORCE DEPLOYMENT DATA FILE."

"AIRCRAFT CANNOT REFUEL FOLLOWING OFFLOAD IN GERMANY AND MUST

RECOVER TO ENGLAND."

IV. RESULTS

The ten hours of unstructured interviews resulted in 510 pages of
transcript. The coded transcripts contained a total of 529 proposition
facts and 224 proposition rules. They contained a total of 957 questions

questions asked by the Interviewers.
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In order to compute the efficiency with which the unstructured
interview generated propositional data, one must first compute the total

time it took to derive the propositions. This includes the total interview

time (10 hours), plus the time to prepare the transcripts (77 hours),
plus the time to code for propositional content (13 hours). Thus, the
total task time for these unstructured interviews was i1U0 hours. Tais
figure could then be divided into the total number of propositions
obtained (753), yielding an overall efficiency rate of 0.13 propositions
per total task minute. Another metric of efficiency is to see how many
propositions were generated, on the average, for 2ach question asked by
the interviewer. For the present results, this figure is 0.79.

The question to be asked now is, How do tnese data compare with
those from other tasks that can be used to extract experts' knowledge?
Detailed figures for the other tasks can be found in Hoffman (1984, 1986),
Basically, structured interviews, constrained processing and limited
information tasks have been found to yield between one and three propo-
sitions per task minute. Thus, the results of the oresent research
indicate that unstructured interviews are an inefficient method for

extracting experts' knowledge.

V. RECOMMENDATIONS

I have a few recommendations to make, some having to do with
interviews, some having to do with methods and methodology in general.
Unstructured interviews are a good way for the knowledge engineer

to familiarize himself with the domain, but should not be conducted prior
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to an analysis of familiar tasks (analysis of available texts and technical
nanuals and preparation of a first~pass data base). Unstructurad inter-—
views are a good way to learn about user needs and to generate ideas about
system design (such as screen faces that would be helpful). Unstructured
interviews are not an efficient way of generating propositional data for
a data base--—the transcription process is simply too time-consuming.
Indeed, unstructured intervews need not be tape recorded at all---shorthand
notes should suffice.

The first step in conducting a structured interview is to praparea
a preliminary data base by analyzing available texts and technical manuals.
The data base would consist of propositions of the kind exemplified =arlier
in this Report, organized into meaningful or functional categories. In the
actual structured interview, the expert goes over the data base, one pro-
position at a time, commenting on each one. 1In essence, the structured
interview forces the expert to go systematically over their xaowledgs. The
structured interview method is a good way of generating propositional da:a
data for a knowledge base, especially since it does not zzquire tap2
recordings and transcriptions.

Detailed information and advice on how to conduct both structured
and unstructured interviews is presented in Hoffman (1986).

Given the results of the present work, [ can now answer the Xkey
question:

What steps should be taken to extract and
characterize the knowledge of experts for

any expert system project?
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My answer can be found in Table 3 in the form of a general procedure for

- the development of an expert system.

TABLE 3

Steps to be followed in extracting and characterizing the knowledge of
experts prior to the construction of an expert system. The activity
designated "Special tasks” includes limited information tasks, con-
strained processing tasks and analyses of "tough cases."”

EFFORT
STEP ACTIVITY PURPOSE REQUIRED
1. Analysis of Familiarizes the knowledge One man-month.
Familiar Tasks engineer with the domain.
Yields information for the
first-pass data base.
2 (Optional) Familiarizes the knowledge One to two
Unstructured engineer with the domain. man-weexs.
Interviews Yields information for the
first-pass data base.
Helps in determining user
needs and system design.
3. Preparation of One man-month
First-pass data or mora.
base.
4 (Optional) Familiarizes the knowledge dne o two
Unstructured engineer with the dowmain. aan-weexs.
Interviews Yields information for the
second-pass data base.
Helps in determining user
needs and system design.

3. Structurad Yields information for One to two
Interviaws the second-pass data nan-weexs.

base.

6. Preparation of Two man-weexs
second-pass or more.
data~base

7. Special tasks Yields refinements of Variable.

the data base.
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ﬁ All domains of expertise diffar, so too do 21l 2xpert systems

projects. Dirfferent methods will >e best suited to jiiZz-ent Jdomains.

There are probably situations for which the recommended serias of steps
is not quite fitting. However, some variation on this theme should fit.
A good example is the airlift planning project itself. The system
developers began with an unstructured interview. That was :tiae only way
to get the project off the ground since the available technical manuals
provided little information about what the experts actually do. Hence,
an actempt to generate a data base at the outset would not rave bveen
very fruitziul.

"

The figuras in Table 3 for “"2ffort required” air:, >I zourse, only
approximations based on my experiences. According to ny estimat2s, one
can expect it to take at least three months to get to the poiac of having
a refined or second-pass data base. How does this compare with the ex-
periances of other AL researchers? It is impossible to cell from a reading
of the exper: systems literature exactly how much efiort went iato building
the data dase ia any expert system project. (It is for that reason that 1
feel compelled to present my own estimates.) Typically, authors do not
2ven state precisely how the knowledge was gotten-—-sometimes from texts
i3nd manuals, sometimes from archived data, and usually from unstructured
iaterviews. Typically, research reportsjump right into a discussion of
system architecture.

Some discussions of expert system projects state how long it
took to develop a prototype, but one can only guess how long it took to

build the knowladge base. The development of MYCIN (Davis, Buchanan &
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Shortliffe, 1977), a system for diagnosing infectious diseases, toox many
years. The development of INTERNIST, also a medical diagnosis systam, toox
ten years with the help of 1 full-time specialist in internal medicine
(Buchanan, 1982). Rl, which configures the VAX computer (McDermott, 1980),
took two man-years to develop by a team of about a dozen researchers, and
is still being refined today. In general, it takes one to two man-years to
develop a prototype, and about five man-years to develop a full systam [Duda
and Shortliffe, 1983; Gevarter, 1985).

In coatrast, the PUFF system for the diagnosis of pulmonarv
disorders was reported to aave been developed in less than ten weeiks
(3ramer, 1982). One reason rfor this is that most of the rules were 2asily
gleaned from archived data (Feigenbaum, 1977), and only one week was 3den:
interviewing the experts (Bramer, 1982).

Apparently, if one is relying on unstructured interviews, or it
one is interviewing a large number of experts (as ia the MYCIN proia:z, or
if the system requires hundreds or thousands of rules and facts in ics daza
base (as in the INTERNIST system), then many years of 2{fort ir2 rcaguicz!l
to develop a system to the prototype stage. In this light, a miniauam 2:
three months just to get to the stage of having a refined data basa does
not seem unreasonable. If anything, it is an underestimate, but it is
Drodadiy 1ot a gross underestimate. The knowladge base 2f the aeriil 2asi:
interpretation project (Hoffman, 1984) consisted of over a thousand
entries, and it took just a few months to develop by means of structurad

interviews.




I recommend that expert system researchers routinely report data
on the methods used to extract experts' <nowledge, the efficiency of the
methods, and the amount of 2ffort taken to construct the knowledge base.

One final recommendation is in order. I feel that the research
reported here (see also Hoffman, 1986) "wraps up” this aspect of expert
systems research. No further methodological research is needed. Enough
is now known about methods for extracting the xnowledge cf axperts to
permit anyone who is interested in develop.ng an expert system to generate

reasonably efficient methods for extracting the experts' xnowla2dge. For

any given expert systems project, methods will have to be d2vised, aad
that will take some research and development effort. However, it the
level of methodology (the compara:ive analysis >f various methods,, :the

picture seems fairly clear.

O
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ABSTRACT

The fluorescent dye binding properties of several organic dyes for
the identification of asbestos in bulk sampl2s and on membrane Tillters
were 3studied and compared to previsusly reported results, Five dyes,
Morin, cnromotropic acid, Clayton-¥=2lliow, 3~hydroxyquinoline and
3athocuproine exhibited easily detected fluorescence on bulx samples
containing chrysotile asbestds. Fluorescence microscopy data suggests
that Morin and Clayton-Yeliow 2ind %5 other forms of asbestos that mnay
be found on membrane filters from personal or area sampling at work
sites, These dyes do not bind to other substances commonly found in
building materials.

?reliminary methods ising these dyes for the anaiysis of bulk
samples and membrane filters Srom personal or area air samples are

Jresanted. Zxtended research (3 necessary in botn areas.
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The USAFOEHL at Brooks AFB must have efficient methods to perform
the analysis of bulk matarials [or asbestos content and th2 identifica-
tion of fibers on membrans Silzers submitted to the laboratory {10,000
in 1935 and 15,000 projeciad “or '93%). The need for suexr methods is
evidenced by the increased concern for the health and safety of Air
Force personnel, their families and its contractors who may be exposed
Lo asbestos in the performance of their duties. Asbestos is a known
carcinogen and consideradle 2rfcr< as been made %o develop rapid,
accurate methods of detection and identification. Commercial field test
kits for bulk sample analysis have Heen developed but are inaccurate andi
unreliable.

Field personnel often asx, "irs tha fisers Qresent on the air
filter asbestos?. The current metnod »f analysis for air samples alllws
the analyst to only count the fijers per unis area 51 the Silter whizw
is converted to fibers per cubic centimeter of air sampled.

I. INTRODUCTION:

I 2arned my Ph.D., in inorganic cnemistry ampnasiziag synthesis in:
characterization of transition metal compiex compounds. X-ray diffrac-
tion and UV~VIS spectiropnhnotometriz methods of aNnalysis wers used £
characterize the compounds produced. In 1980, I earned a M3 in Znviron-

mental dealth with an iadustrial Aygi=ne emphasis. P2ars of my tralning

%

involved the sizing and counting »° narsiculates and Tiders 24 PEIEDI

A

and area membrane filters using light microscopy (iLM), osolarized 1izns
microscopy (PLM) and phase contrast microscopy (PCM). 3Since that time
my research interests have been directed towards environmental-oaccupa-

tional health problems. I have been involved in the formation of a

private environmental analytical services laboratory and am familiar

Wy
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Wwith the problems associated with field sample analysis and data
control.

The research problem at the USAFOEHL involved the identification of
a3023L0s fiders on membrane filters using a fluorescent idye-nsinding
method suggested in the literature (1). What dyes fluoresce in the Jv-
7IS region of the electromagnetic spectrum when bound to aspestos? <Can
a method be developed that would be feasible for the identification and
counting of fibers on membrane filters?

Tnis problem, therefore involved methods I was familiar wisn and
nad interest in pursuing at a professional research level. 3ecause of

this interest I was assigned to investigate the problem at tne JSAFOEHL.

II. STATEMENT OF OBJECTIVES:

. To determine the feasibility of using a procedure descrivsed 3y
F. A, Aloright, et al, {1) for the identification of asbest»s o1 mem—
brane filters and in bulk materials.

2. To develop specific fluorescent dye binding analytical methods
for amosite, anthophyllyte, crocidolite, and other forms of asbestos.

The overall goal of the research was to develop compound spezific
analytical methods for the rapid identification of all forms of asbestos

on membrane filters and in bulk materials.

III. REVIEW OF THE LITERATURE:

Prior to arrival at Brooks AFB Toxline, Medline and NIOSH data bas2
systems were searched for appropriate references., Upon arrival, ACS
Chemical Abstracts, Wiley Catalog On-Line and Enviroline systems were
searched by the USAFOEHL library staff. Only two articles pertinent to
the research were found (1,2), The original article by F. R. Albright,

et al that prompted the research proposal dealt primarily with bulk

65-4




sample analysis (1). An earlier article by Italian researchers 3.
Sperduto, ¥, Burragato and A. Altieri discussed the use of Zluorescent

dyes as a means to identify asbestos fibers on membrane filters and %o

Yy

diflsrensiate bHetween different Jorms of asbestos {2)., 3averal dyes
were iavestigated but both groups settled on Morin as the best to use.
It was specific for chrysotile and produced a visible orange~yellow
fluorescence when exposed to long wave-length ultraviolet radiation. As
my r2search prograssed it became avident that the dys was probdadly
forming a chelate with the magnesium in the chrysotilz and the »inding
was pH dependent. Additionally, the structure and functiionality of the

dye appeared to be 2ritical, With the structure of Moria ia mind and

the need for a c2onjugated system within the chelate to produce fluores-

Jere examined to determine what indicators have been used Tor the

+2

T . : +2 — o ) ’ -
qualitative analysis of Mg ~ and Fa and other forms of asbestos (3~7,.

IV. RESULTS - BULK SAMPLE FLUORESCENCE ANALYSIS:

Severai dyes were tested at three different pH l2v2ls with Jive
1iffarent forms of asbestos Lo determine the dinding ani fluorsscan:
oropertias of zatt .. The r~esulss ©2r Canadian Chrysotils and
Rhodesian Chrysotile are given in Table I. Based upon these data buix
samplas submitted to thne SAFOEHL for analysis were splic for simulza-
necus analysis by PLM and Sluorescent dye bdinding with Morin and
Clayton-Yellow at pH 11, Results of these analyses are given ia Tabla
II. The data indicates 97/113 correct identifications with Morin as the

dye and 68/70 correct identifications with Clayton-Yellow. Chromotropiz

acid fluorescence is difficult to discern with long wave length UV
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Table I

Dyes Tested For 3inding Affiaity

A. Functionally Acidic

Alizarin
Alizarin Red-S

1-amino~2~naphthol-
4-sulfonic acid

4luminon

Carmine
caromotropic Acid
ZSlayton~Yellow
Cresol-Red

Zosin ¥

Zrlocnrome 3lack T
fusecaia A

Fuschin 3
3-nydroxyquinoline
Morin

3. Functionally Neutral

3athocuproine

1,5 Diphenylcarbohydrazide

Eriochrome Cyanin R
1,10 Phenanthroline

Quinalidine Red

N = No fluorescence

to Chrysotile Asbestos

DJaseristion of =

{3lue)

w

=4

N = Aeak
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N

N
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N

N

W (Mint Green)

W

S = Strong

N

N

q

N

2rg.=Yallow)

{Mint Green)

(Org.~Yellow)




PLM

Morin

2LM

NA

h

1]

TABLE II

Split Sample Analysis

SAMPLEZ CONTENTS

No
carysotils Ampninolas Asbestos Talse Falsa -
29 17 57 NA NA
21+ 17- 59~ 8 8
30 4 36 NA NA
28+ NE 36‘ o} 2

298isiva Tluorescence
No fluorescence

Not applicable




light. It was dropped from further study. Bathocuproine and 8-hydroxy-
quinoline exhioit very distinctiva light bdlue and mint green fluores-
cence respectively with chrysotils, However, they were introduced late
in the s3=udy and warrant continuzd investigation bdecause prelimninary
tests indicated they both appear to bind to other forms of asbestos used

during thi3 study.

Other substances commonly found in building matasrials and environ-
mental samples were present in the »ulk samples compieted duriag the
hl 3plit anaiyses., Table III lists those materials and others :that do not
! interfere with Morin and Clayton-~Yellow [luorescence.

7. RESULTS - MICROSCOPIC MEMBRANE FILTER FLUORESCENCZ ANALYSIS:

Zarly 40rk on tais part of the problem was stymied 5v “wo major
problems: i calidrated incandescent lamp was not aviilaszlz2 “>r zae
microscope and the computer operating the monochromator >n the micrs-
scope was malfunctioning. The temperature of the lamp at specific
voltages must be known S0 a black body correction may be made to subd-

o

tract the Jluorescence characteristics of the microscope's zotizs,
slide, cover slip, mounting media and dye from the obsarved fluorescence
of the specimen. A cneck of the literature suggested 3300 X woulil 2= a
likely temperature for the lamp in question and the monocnromator was
operated manually. Initial spectra were obtained from slides with 1%,
0.,1%, 0.91%, 0.001% and 0.0001% weignt/waight (w/w) dispersiosns <f the
five forms of asbestos with Morin as the dye. The results were encour-

aging in that clearly identifiable fluorescence peaks were recorded in

the orange-yellow region as expected for chrysotile., However, other

forms of asbestos also produced spectra with contrasting identifiable

bands. These data, however, are unacceptable as the monochromator ’
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TABLE III

Noninterfering Materials

!gzig Clayton-f{e2llow
: Cement N N
g Polyethylene N N
5
Muscavito mica N N
Mineral wool N N
Cellulose N |
Gypsum N N
Fiver glass N N
Cotton N R}
Clay N N|
PLastar N N
Kevlar N N
Rust Corrosion
Preventative (NaZSiOu) N N
Jermiculite N |
artz N N
>ia%smazeous Zarin N i
Kaolin N k|
Talk N N
Aood K| 4
?n%assium Titanate 1 {3rignuv) |
Sotton N ¢
65-9




and computer vecame totally inoperable., The monochromator and computer
were repaired (twice) and the calibrated bulds ar-ived so 1 drop of the
0.1%, 0.01%, 0.001% and 0.0001% w/w dispersions were mountad with Morin
s and Clayton~Yaliow dyes as separate sets, The 3pecuira Irom the Zlayton—
Yellow set were much easier to interpret and more reproducisle than

_ those with Morin so Clayton~Yellow became the dye of choice for further

study. Table IV lists the characteristic absorption bands for the

dispersions under investigation. It appears that chrysctils and amosite

bind Clayton-fellow and fluoresce in the red regii. Anthoonyliyte and
crocidolite do not fluoresce strongly in the red region but do in the
violet region.

Air samples arrive at USAFOHEL on cellulose membrane fil-ers 30 |
mlL of the 3.01% w/w dispersions were diluted to 100 mL with 1istilied
water and filtered through standard cellulose acetate, 37 mm, 9.3 u
filters and dried over silica gel overnight. A wedge was cut from =2acn
filter, mounted with 1 drop of Clayton-Yellow in the media, allowed to
z2lear and spectra obtained. Table V lists the characteristic absorj-ion
bands obtained from these filtered dispersions. These data suggest that
1.1 forms studied fluorasce in the red region and the filtsr does not

interfere with the identification. The ethanol washed filters tended

cr
O

curl and Wrinkle making them more difficult to mount. The washing
apzarently had no =2ffect upon the nature of the fluorescence so that
step was =2liminated from use. Filters containing substances found in

anvironmental samples were prepared in the same manner and spectra of

mounted wedges were obtained. The spectra contain multiple fluorescence
Yands and shoulders that require extended interpretation but it is

obvious that considerable research is required for the development of

the method. !1
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CC

AMO

ANTHO

CROC

AMO

ANTHO

CRCC

TABLE IV
Tluorescence Bands of Various

Tsrms of Asbestos with Clayton—-Yellow

MR 3ands (am)
0.1 610~620 sh, 660 s
0.01 610-620 sh, 640 s
J.001 540 s, 670 s
3.3001 510-620 sh, 660 3
3. 510-620 sh, 570 s
J.01 510-620 sh, 550 s
0.201 510-620 sn, 560 s
3.0001 560 s
Q.1 420 s, 540 W, 570 m
0.01 419 s, 330-940 sh, o970 W
0.001 430 w, 500 m, A30 =, AT0 s
0.,0001 430 w, 630 m, 570 s
0.1 43 s, 550 m, 580 w
0.0t 472 3, 5350 @
0.1 480 3, A0 w
0.0 170 s
Canadian chrysotile s = 3gtrong
Rhodesian chrysotile m = moderate
Amosite W = weak
Anthophyllyte sh = shoulder

Crocidolite

65-11
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TABLE V
Tluorescence 3ands of Ashestos

on Membrane Filters with Clayton-Yellow

Type 3ands
cc 870 vs
CC-ET 510-620 sh, 660-670 sh, 632 vs3
cCy, 680 vs
CCy=aT 510~520 sh, 670 s
RC 513-620 sn, 560 s, 580 v3
RC=ET 510520 sh, 660-570 sh, 530 3
AMC $10=529 sn, 670 s
AMO=-ET 590-600 sh, 620~630 sh, 57 3
CROC 550-5560 sh, 610-6230 sn, 57> 73
CROC-ET 510-620 sh, 663 s
ANTHO 590-500 snh, 630-640 sh, 370 s
ANTHO-ET 700 s
ET = Filter wasned ~ith ') mL 2tavl aloonol

2. 130 aL 1ispersion srought o 23 17 sefore Tiltering

vs = Very strong




Selected spectra are included as examples of the graphizs display

and data presentation of the instrument package. Copies of all

pertinent spectra are on file at the USAFOEHL along with copias of ay
laboratory notebooxk pages.
7I. CONCLUSIONS:

These preliminary data indicate that Clayton-Yellow i3 a suitable
dye for the fluorescence identification of chrysotile in bulk samples
and on cellulose acetate filters. 3ulk samplas contaliaing as l.17:l2 as
1=5% chrysotile Wwithin several different matrices were identifiesd
sorrectly by visual observation., Clayton-fellow appears to diad %9
other forms of asbestos not evident through visual 2xaminazion 5u:
readily observed microscopically. Other dyes, Moria, 2aromotr~opi:z acidi,
3-hydroxyquinoline and Sathocuprcine, may “e siuitadle nut addisional
researcnh is required.

Both techniques show promise for use by the USAFOEHL personnel 1as
the procedures are refined. The bulk sample analysis by USAF field
sersonnel could reduce the number of samplas submitted £n tha USAFORHL
by 20-25%, therefore, reducing the numdber of samplas <7at 72u3t 22 sent
to contract Laboratories.

VII. RECOMMENDATIONS:

1. Additional research be complated 20 refine, improve and siu-
plify the bulk analysis procedure leading Lo =h2 devalopment 27 1 71214
test xit suitable for accurate, rapid identification 5f asnestos.

2. Continued refinement and development of the microscopic tecn-
nique under normal phase contrast counting conditions.

3. Additional research with Morin, 8-hydroxyquinoline, 3atho-

cuproine and other dyes to determine their usefulness as fl.iorescent

indicators. —

65-13




4. Include other forms of asbestos, actinolite and tremolite, in
these studies.

5. Investigate the kinetiecs of the binding bastween asbesta?s and

W

72l »or

[

7arious dyes. Does the binding incrazase witn tLime? Do2s tha
intensity of the fluorescence increase as binding increases? 1Is zne
fluorescence quantitative? Can it be used to determine 4 asbestos in a
sample?

5. Institute a program of researcn Sor the development >f 213asizr-,
1238 costly methods of identification of actinolite and tremolite,

commonly found i1 zeramic and talc materials.
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EXPERIMENTAL

Bulk Analysis

10.

1.

10 mg or less of sample

Grind %> maximiz2 surface area

Place in 4 inch disposable plastic test tube

Add 1 mL of pH 11 buffer

Shake, mix, allow to stand 10 minutes

Centrifuge, decant ouflar

Add ! mL, 95% esthanol to residue

Shake, mix, zentrifuge

Decant 2tnanol, leave no liquii »enind

Zxpose residue to long wavelength J/ iight against a black back-

ground

Observe fluorescence

Microscopic Analysis

1.

Cut two wedges from membrane filter

Mouns on2 WJedge {a) per norma. U3SAFIEHL orocedure for phase econirast
counting [sackground slide!

Mouns s2221d wadge (b)) Wwitih o irop dye added £o mountiag madia
sefore placing ~edge in media on the slide {Specimen Slide).

o ’

Mount a Siank filwer wedga "2 wisn one drop of dye {Thannel 1

N
W
<)
~

v
3
O
IS
3
v

2lace sllde 2 on snage, focus, 1i% xey A, follow directions on
screen. Wnen "scan complete" appears:

Hit xey YJ, uncorrected spectrum appears on screen,

Hit key 3, read instructions, enter lamp temperature as directed,

blackbody 2alculations will be made, blackbody curve will appear on

[$)}
w
1]
—_
~~J




19,

12.

screen and corrected curve will appear on the screen. This data
will be entered automatically and "subtracted" as vackground from
specimen spectrum.

Place slide b on stage, locate and Tocus on spacimen 7lzer, 3elict
channel 1, nit A key, follow screen instructions, ra2move 3iide when
"scan complete" appears.,

Place slide a on stage, hit key C, hit key B, Channel 13 snouli
appear beside Channel, locate and focus on specimen TiZer, 111 x2vy
A, follow instructions, remove slide from stage.

Hit key G, hit key A or T {your choice), nit key Y, 2it 2y 2, ait
key U4, nit return key, correct specimen fluorescence 3spen:i~um will
be printed.

Hit SEL tab on printer, ni%t form advance, remove spactra, .13 3ITL 2n
printer,

Repeat steps 8~11 for additional samples to a maximum of 5., Jnece
all 5 channels available are used and spectra printed channels -3

and 13-58 must be <2leared or saved to allow for further analrses.
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ABSTRACT

A new modal for analwvzing the TCS data s=t was formulated and
executed. Ths results indicate that engines cenave differently

from one trim to another. They also show that the data sat is
unstable, highly sensitiv2 =25 small changas in some data it2ms and

ations of some itams. These observakions cast doubt on the

[

d=
ability to use the results %o n2lp sa2t the trim, both installed,

-

using TCS, and uninstallad, under the currsnt procedur=. Thers-
fora, it 1s ra2commended that explanation for such =2ngina 2212vic:

m~c

2r2 zh=a i35u2 c¢f whether to use TC5 can 2=

(A1)

) ~ s .
be pursu=ad first, e
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I. INTRODUCTION

I have been teacning ané conducting ras2arch in Overacions
Research for the past 13 years. The courses I have taugnt include
statistics, applied probability theory, mathematical programming
and computer simulation. Most of my resesarch has been in the
computar implamentation of mathematical programmiag mechcds. I
have been interestad in logistics management. A fow 0f av

publications are relatad to that. That iswhy I appii=ad Zor

[\

rasaarch appointment in the Diractorate of Management Sciancas
of the Air Force Logistics Command.

This project involv7as data analvsis, which is a par:

(W)
1

,J
W
(r
)
1]

statistics, My experience ia 1sing computer sof:twaras nel:zs

ecytion of this research.

[t1]
E

II. OBJECTIVES OF THE RESZARCH ZFFORT

Aircraft engines ars ":-rimmed" after mainienancs 2as 220
done to insura they can produce sufficient thrust, Dynamic
“hrust, that is, thrust during %takesoff, is the quantity of
intarest., Since 1t is uvnawvailable, surrogat2 measures have been
used to helo trim the engine. The current procedur2 trims an
angine in a tast cell, off the aircraft, and sets the
"uninstalled" thrust to a "nomograpn" level. That level is a
function of compressor inlet temperature (CIT). The nomograph
thrust level for the J85-5 engine (for T-38A aircraft), which is

the 2ngine used in this study, is 263¢ 1lb at 59° F of CIT. A
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significant amount of thrust is lost when the =ngine is installed

on the aircraft (13 to 24 percent £or J85-5), du= 2rimarilv £o khe
air inlet. The engine is then operated for up T3 533 hcurs before

it is removed and retrimmed.
Computing Devices Company (COMDEV) has developed a Thrust

Computing Systam (TCS) which measuress the thrusz >Z an 2ngins

aftsr it is installed. TCS will allow engines 7 ze2 zrimmed whan
they are installed and, COMDEYV claims, at a low=2z EGT than the
curra2nt method. An engine running at lower IGT Wil . last longer
and thus save money for the USAF. In order to e7a_uacta ta2
claim, it is necessary to det=2rmine the thrust la2v21 22 whizh an
engine should be trimmed, both installed and uninszzll=ad,

A study was conducted in 1982 to measure static thrusz l27213

of J85-5 engines. Uninstalled static thrust readings wer2 taken

(a2

in the ta2st c2l1,.

w

£ter an engine was installed, mcr=2 r=2adinags
wWware tikan using TCS. Henceforth at roughly evezy 33 Il.7Iing

nours, tarist l2vels wera2 measur=sd again by TCS. 123 2ngines wera2

s

involvad in the study which rssultad in 51 streams of
observations, =zach stream corresponding to a sequence of r2adings
between engine trims (aft2r maintenanca had been accomplisaed on
the engine),

The main gquestion to be evaluatad £rom data analysis was:
How is the loss of thrust related to changes in CIT and flying
hours? Tha loss of thrust according to raising CIT is called the
"lapse rate" and that according to flying hours is the

"degradation rate". Engineering data supoort the existence of




these rates. The remaining questions are: What is the functional
form ralating the variables and what are the values of %the

degradation and lapse rates?

III. PAST STUDIES

COMDEV performed linear ragression analyses on the data sa-,
Each of the 31 streams of observations was fitted to the £ollowinc

equation:

(1) Y = 2 + b1h + bt + 2
wherea
7 ¢ TaArust = currsnt thrusy;
n : fZlying nours;
t ¢ diffzrence in CIT = current r=2adiag - reading at =rim:
bg ¢ Intarcept, loss of thrust due €2 installation;

Degradation rate;

=

Lapse rates;

i
Q]

tror of r2gr2ssion estimate.
Th2 major reason tha%t 31 streams wera2 separated for
ragression analysis was T2 ciaim 2v TOMDZI7 tnat 2aca engine

behaves differently and, in fac:, e2ach engliaes behavas differently

from on trim to another. Their ressults [Ref. 1] seem to suppor:

"t

3

tha claim. The degradation ratas rangz2 £from 1,46 lbs/hr ‘dosiziva
value indicatas that the engine galins thrust per aour 22 £lving,
to -1.33 and the lapse rates from -1.44 to -7.656 1b/1° F,

The dilemma with the position that engines behave differsntly
from one trim to another is: How does on2 use the results to set
the trim for an arbitrary engins, or, for that mati=r, an engine

.hat was recently trimmed?

LI




COMDEV resortad to fitting another ragrassion line through
the diffarent degradation ratss., First, "shor:zz str2ams”, those
Wpose maximum time since overnaul {(TSC) was less than 133 acurs,
wera ramoved from the data set since their degradation rates wera
at doth the high and the low ends cf the range. The remaining 33

degradation rates were fitited ajainst each stre2am's maximum TSO

degradazion rate of -.,21 1lbs/hr with a standard =2rror oI .23
1o/ Mz, (2 x standard e2rxror has been used as zthe "333%" coniidenca
23ad ané is called the "szcr=ad".)

ARINC, a consultant to the USAF, crizizizzd ths "regressiocna

on za3rassion" approach of COMDEV., I% inst2ad r2commended Taxking

[

w2i3nz=2d sum of “he degradation rat2s. The w2i3ht used w3as :ha

azmecer of observations of each siream times the R, the

coh2fiiciant of determination [ReZ. 2].
The azcva2 twWo reports parformed analysis on sezzagatad dat:
and z=n:13 =2h2vy can neot t2st, statistically, wnhnazther th:s diffzcaencas
in th2 regression coefficisnts by and Dy 2I2 573°2MATLT O TMaEI3 )
due =0 random variations of a sampling procass.
The Tiractorate of Managamant Scienc2s 231 tih2 headguarcars o3
Zhe Alr Torz2 Logistics Command {(ATLC/XRS) Moseslad" zhe fz-a int:
on2 s=2% and performed multipla linear ragressicns simi_ar =3
equation (1L). The main diff=2rsncae is that therz wer2 two egua- o

ticns, one for y = current thrust - uninstalled thrus:t (denotad as
Me - Ci) and th2 other for y = current thrust - first install=d

e

thrust at 9 £lying nours (Ms - Mj). The first one measuras tarus:

" ]

()
”n
)




from the time of uninstalled trim and thus can ba used t> help s2¢

(9%

the uninstallad trim l2vel. The second one bagins with tha firse<
installad r=ading and thus can be used to help set the installad

trim. In order for the models to be comparable, data straams

without M; resadings available were deleted, which resultad in 24

streams remaining. The results from the regression analyses wer2

th

guizz 4i

farant from those of COMDEV's, with degradation ratas

Ui
1]
Vi

aqual +2 =-,111 for M=-C; and -,134 for M=-M;, and lapse ra:e

[N
(9
V)

deterxmin

)
U
r

-5.42 and -5.92, r=spectively. The coefficients o

2

R= warza2 ,743 and ,733, and the standard errors 0of estimats wazsza

63.6 and 3.5, zaspectively for Mg-Cj and M:-M: (Ref., 3]
Tr. 2arr 2f zhe Air Force Institute of Tacanoiogy was as<ad

to> 2v3alzacz2 the modeling diffe
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nensive model that uses the pooled data but is capabla of =zaking
diff2arent str2ams iats consideration. The modsl uses indicaz::

streams., When the intaractizsn

23
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fu
[
rn
th
[
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o

7ariablas zo dasige

T2LMs a2

(Y

2 2130 iacluad=ad, =2a3ch str=2am can navz diifsranz dagrala-

5

zion and lapse rates [Ref, 4]. Details will 2e given Da2low.

- - : P

The meodel I us2 s the sam2 as 2r. 3a

[ R
(R

(2) vy = bg + dbin + byt + b3ys + bgsn + bg3c * 2

S : a categorical variable designating individual streams;
: interaction between strezams and flying hours;
st : interaction between streams and changing CIT.

The categorical variable has no intrinsic numeric meaning.

I%~ -an de sat to 1 for stre2am 1 and 2 for szr2am 2, 2tz. or A

1Y
O
(B3
'

(92}

[}
]

~1




The first three terms in (2) ars tn

stream 1 and B for stream 2.

regression coefficients for a base stream (say, the last onej.

[
[N

For each other stream, the ¢oeiiiciant D will nave to be 233238 =

Q

b to get the actual intarcept for the str2am. Similarly, zhe
/]

coefficient b of a stream will nave to e added to b to get tae

4 2

actual degradation rate, and b added to b for the actuai lapse

5

(V%)

rata.

icisncs one jects from (2) for each szr:zaz

h

The r2gra2ssion co=f
ara the same as those one would get by fitzing regression Zunctio
(1) cn the stream by itself., The chacice of the basa strzam is

immatarial.

or
"

Tae first one is that (2 zrovwiiss one sizndard arror of

Ahicn 1s more precise than ths iadividual 2zzors Szom (1).

[\
In1
(7]
3
O
r
{]
A
W
b4
2
81}
(@)
t
(1
.

Ther=2£fora, statistical inferences bdaszad an (2,

it
Q
cr
8]
("

The second advantage is that general rasults, zertaining

1~

>72rall contribution of individual varizplas fa,%,3,30h,35) L2 =n=

>xPlanati £ £ ’ 2 onlt 73ilacla from (2}. Tnis
2xplanation of loss of thrust, ars only a a from (2!
is also caliad an "Analysis of Covariance”" modal [Ref. 3. Tne

only possible difficulty with this mod2l is ccmputaticnal. 3Soae
statistical software may not be able to handls the catagorical

variable and the interaction variables. However, largs packzges
lixa S5AS do have this capability. =Zxamplzas for how to inta2rpra=

the model are given in the following results section.
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V. RESULTS
1. All Streams
The XRS data set was usead in the analvysis. The computar
program used was Procedure GLM (General Linear Modeal) of 3a3 ([Ref.

6]. Both M -C and M -M sets, each with 34 streams, wer=2 run

f i S |
using Model (2). The details ars shown in Appendix 1 and 2. A
summary is given ia Tabla 1. The overall Zit of Mcd=al (2) i3 =a=
Bl
cest among all modals that nave deen triacd so far. R- ior M--:. o
is .952 and for M -M is .922. That means that the modal :a; ) ’
£ i
2xzlain 95.2% of the variation in the loss of uninszallsd =arzus:
and 32.2% of th=2 installed thrust.
TABLE 1
M - M A
2 £ 1 Il -
R , Coeff of Detzrmination 952 L322 —
Standard Error 2 ZIstimats 23,337 23,227
Proo (Model insizniZicant) .3dd LJdal
Prop (h insignificanct: I % Ld3d -
2roo (t insignificant) 8991 L3442
Prob (s insignificant) .3331 L3932
?rob (37 insignificant) L9941 3332
Prob (st insignificant) .3331 L3333

The

variable

to the

probabilities in the table

variation of loss of thrust.

denote the probavility that 2

As can be seen,

avery

contributes an insignificant amount of explanatory power




t

TR

variable definit2ly is important. (By the way, the value .0001 is
the smallest that can be shown. So the actual probability can be

a lot smaller.) So, not onlv does loss of thrus: vary according

to flying hours and change in CIT, but it also varies from cne

_ stream to another. COMDEV's position on this issus is justified.
The categorical variable s being significant means that

the ragression intarcept does varry £rom one stream to ano:ther. For

M -C , the intercedt reprasents thrust 1585 du2 t£o installing ks
! £ 1

engine on the aircraft. For M -M , the intercep:t should o2 3

£ 1

since thers is no installation 12ss but the statistics ciearly
show there is still some loss. From Apgendix 1, whsre M -C

1
lts are shown, column "ESTIMATE"™ c<cntains tha ragrassisn

"

jo)

251

ients. The value =-529.96 in zow "INTEIRCZ2T" is tne intzazza2p:

QO
)
h
b
(9]

oeffi:
for the base stream, which is Stream 34. Then for Strezam 1, zhe
value -75.63 represents the differencs ba:=wve=n the intercept of

~er2£fo0re, the 1n:2rcept

[72)

tream 1 and the intarcept of Stream 24.
for Stream 1 is actually -529.96-75.62=-532.33%. Similarly, ctn=

ercept for Stzream 2 is -529.96+2.45=-327.37.

v

in
When we s3aid the intercept varles from on2 strsam -2 ancthar,
it does not mean that the intercept of Str=2am A is statisticzlly
different from that of Stream B. (3 and B mer=2ly denota twc
diffarant streams.) For comparisons be:ween two intarcepcts, w2
can use the column "PR > |T|" which indicatss the probability tha:
the value on the same row is = @. Since the value is the
difference between the intercept of a stream and that of the base

stream, the probability of its being 8 is the same probability £for

6€-10




the corresponding two intercepts being equal. Thus for 3:tream 1
the probability of .0001 indicates that there is little chance the

intercept of Stream 1 is egqual to that of Stream 24.

(i
Va
=]
-

there 1is an 87.78% chance that the intercept of Str=am

[\
-
W
[{]
Xe]
[#]
fu
[

to that of Stream 34.

Back to Table 1. The probability that interaction variablie sh
is insignificant being .20¢l indicates that the degrada=zian rates
indeed vary from one stream to another. The way -2 inzarsrat the
degradation rates from Appendix 1 is similar to the inzarzcapis.

The value of -.314 in column "ESTIMATE" and row "HOUR3" i5 znae
dagradation rate for the base stream, Stream 34. The /2.:125 in

rows headed by "HOURS*STREAM" are the differences zetwa2a :fhe

m
rn

U
s
r
1))
j6]
3
)
[
“
\)
IR

dagradation rates of specific strzams and that of

-

example, the degradation rate £or Stream 1l is -.314+.,117=-.137,
complete set of compiled values from the computer outpu:t is :iven

on page 2 of Attachment A.

o)
(K
"t
(@]
4

The degradation rates and lapse rates are differ=an
those obtained by COMDET (shown on dage 1 of Attachment A).
major source for this discrepancy is the differences in data s=2ts.
There are some observations in the COMDEV data szt that arz not in
the XRS data set and vice versa. A f2w data points that 2r2

;
aer

common to pboth have diffesrent values, due to corrections in eit
set. Another source for the discrepancy is that COMDEYV took the
avearage of three successive observations whose readings weres taken

at about the same time. Therefore, COMDEV has only about a third

of the data points available in the XRS s=st.
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The details of M -M are shown in Appendix 2. From the
£ i
summary in Attachment A, one can see that except for intercept,

the regression coefficients are quite closa to these in M -C .

b
- -

This is to be expected.
For a summary view of the r=sults, the means of the
ragression coefficients are compiled in Table 2 in the following.

A word of caution is in order hera2. Since we hav2

0O
1Y
99

-
9991

ad

Y
v

b

2ne

sy

all ragressicn coefficiesnts ar=s diffesrent from one s

o
1
(b
£
2]
or
O

another and tney were computazd from str=ams of wvar:

sizas and varying goodness of fit (as measursed by R }, the means

o7
<)
s
]
3
O
¢

should not be used as the sola representative values an

2 used in statistical inferencas.

TABLE 2 : Average Statistics

All Streams Long Strezams Only
M -C M =M M -C M -M
£ i £ 1 £ i £
intercept -563.27 -2.31 -563.47 -7.22
Segradation Rate -.2413 ~.235038 -.2757 -.2835
Lapse Rate -4.21537 -4.1337 -3.3343 -3.31%3

y
[oN)
"
W
(Y

ks closely into ¢t

=
=

(Y]
wi

[tV

gradazion zaza2s o

')

Attachment A, it is possible to discern the same pn=2nomencn
cpserved by COMDEV; namely, the short streams tand to have
degradation rates at both the high and the low ends of the range.
It indicates that short streams, by having fewer observations, ars

more likely to nave their regression coefficients influenced =-v
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one or Lwo =2xtrame observations, called outliers. So I also
ramcvad the short streams, those whose maximum TSO is l=2ss *han
145 hours. 145 hours is an arbitrary choice, but iz is close &2
156 hours and the two streams with 146 hours have enough
observations 